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MILITARY HYDROLOGY

BREACH EROSION OF EARTH-FILL DAMS AND

FLOOD ROUTING (BEED) MODEL

PART I: INTRODUCTION

Background

1. Under the Meteorological/Environmental Plan for Action, Phase II,

approved for implementation on 26 January 1983, the US Army Corps of Engi-

neers (USACE) has been tasked to implement a Research, Development, Testing,

and Evaluation program that will (a) provide the Army with environmental

effects information needed to operate in a realistic battlefield environment

and (b) provide the Army with the capability for near-real time environmental

effects assessment on military materiel and operations in combat. In response

to this tasking, the Directorate for Research and Development, USACE, initi-

ated the AirLand Battlefield Environment (ALBE) Thrust program. This new ini-

tiative will develop the technologies to provide the field Army with the

operational capability to perform and exploit battlefield effects assessments

for tactical advantage.

2. Military hydrology, one facet of the ALBE Thrust, is a specialized

field ot study that deals with the efieccs ol surtace and subsurface water on

planning and conducting military operations. In 1977, the Headquarters,

USACE, approved a military hydrology research program; management responsi-

bility was subsequently assigned to the Environmental Laboratory, US Army

Engineer Waterways Experiment Station, VicksbuLr, vS.

3. The objective of military hydrology research is to develop an

improved hydrologic capability for the Armed Forces with emphasis on applica-

tions in the tactical environment. To meet this overall objective, research

is being conducted in four areas: (a) weather-hydrology interactions,

(b) state of the ground, (c) streamflow, and (d) water supply.

4. Previously published Military Hydrology reports are li-ted inside the

back cover. This report is the fifth that contributes to the streamflow

modeling area. Streamflow modeling is oriented toward the development of pro-

cedures for rapidly forecasting streamflow parameters, including discharge,
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velocity, depth, width, and flooded area from natural and man-induced

hydrologic events. Specific work efforts include (a) the development of

simple and objective streamflow forecasting procedures suit Tble for Army Ter-

rain Team use, (b) the adaptation of procedures to automatic data processing

equipment available to Terrain Teams, (c) the development of procedures rcr

accessing and processing information included in digital terrain data bases,

and (d) the development of streamflow analysis and displav concepts.

Purpose and Scope

5. The worK reported herein is an effort in the "Induced Floods as

Linear/Area Obstacles" work unit of Department of the Army Project

No. 4A762719AT40. The objective of the work unit is to provide the Armed

Forces improved capabilities for forecasting the downstream flood flow Impacts

resulting from controlled or uncontroiled (dam breach) releases for single or

multiple dams.

6. The purpose of this study was threefold:

a. To develop a mathematical model for the simulation of gradual
erosion processes of an earth dam so that the flash-flood hvdro-
graph can be predicted.

b. To route the released water mass through a certain distance down-
stream by means of an existing numericn'! technique.

c. To conduct a sensitivity analysis for the various parameters
involved.

7. The first phase included development of a numerical model, both for

mainframe and mirocomputer facilities, as well as analytical colutions for

simplified versions thereof for prediction of the flash-flood hvdrograph. In

the socord phase, the sol"ti- provided in the first phase were used as

upstream boundary conditions for the Muskingum-Cunge method with variable

parameters that will route the flood wave through the receiving downstream

channel. In the third phase, the combined model was appliec1 under various

conditions, and the results were cnmppred and analyzed.

Dam Failure

8. Devastating flash floods resulting trom sudden dam failure involve

potential hazard to both human life and property. Jansen (1980) states that
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there hav- jeen approximately 2,000 dam failures arnund the world since the

12th .cury. About 10 percent of those failures occurred during the 20th

ccntury, causing loss of more than 8 O0 lives and damage costs of millions of

dollars. A recent example is the failure of Stava Valley Dam in Italy on

Iq July 1985, which resulted in 200 fatalities and the destruction of 20

houses and 3 hotels.

9. The International Commission on Large Dams census of 1962 registered

9,315 dams with heights greater than 15 m or between I0 and 15 m if water

3storage exceeds 1,000,000 m However, according to Gruner (1967), the total

number of dams that impose risk of serious damage in case of failure may well

exceed 150,000. The US Army Corps of Engineers (1975) classified about 20,000

dams in the United States as potentially dangerous in the event of a failure.

In spite of these impressive statisztics, little is known about the triggering

and controlling mechanisms of dam failure.

10. The majority of damrs are man-made earth-filled dams. Their failure

can be attributed to a single factor or to a combination of various factors

such as unexpectedly large inflows, inadequate foundation, differential

settlement, landslides, earthquakes, poor design or construction, deficient

materials, improper management, or acts of war. The mode of failure depends

both on the cause and the characteristics of the individual dam. Historical

earth-dam failure data indicate that the time taken for the reservoir to empty

after the dam was breached has varied from 15 min to more than 5 hr (Singh and

Snorrason 1982). This is an indication that dam failure is a time-dependent

and not an instantanems process.

11. The failure processes on an earth dam are generally classified in one

of the following categories: internal erosion due to piping, progressive ero-

sion of the d(wnstream face due to seepage, or overtopping of the crest and

subsequent enlargement from erosion of an initially developed breach. Statis-

tics based on information from several sources (lou 1981) show that about

40 percent of failures are caused by piping or seepage, 30 percent by overtop-

ping due tn inadequate spillway capacity, 10 nercent by landslides, and 20

percent bv other causes classified as miscellaneous. The ability to predict

dam beaching is esspntial for a reliable estimation of the released water

hvdrgraph . The ;hape, duration, and magnitude of the d--reah flood hydro-

graph affect the results of Ilood routing on its downstream course. Accuracy



of these results is very important for flood forecasting, cor tingency evicua-

tion planning, and management decisions for dam safety.

12. The dam-break problem can be divided into two parts: dam failure

processes and routing of the released mass of water downstream. fhe two pa:ts

can be solved separately. Of course, the sequence of the solution cantr bc

changed, since the results of the first part must be used as upstream hound.:rv

conditions for the study of the second part.

13. Failure of an earth dam is a very complicated, unsteady, nonhomo.t-

neous, three-dimensional phenomenon that is still not fully understood. ihe

size, shape, and location of the initial breach is usu'lly unknown. The ero-

sion processes during breach enlargement involving suspended sediment trans-

port, layer by layer and/or mass erosion, and sloughing of the slopes are very

dynamic processes that have not been defined theoretically as yet. On the

other hand, routing of the flood wave downstream becomes complirated by rapid

changes of the morphology of the receixing channel or ' asin due to scourig or

shoaling, inadequate information regarding friction factors, and water mass

losses due to infiltration or local storage. Another process contributing to

the complexity of the problem is the presence of solid materials, iii the torm

of mud and debris, which are carried downstream by the flowing water.

14. In spite of these difficulties, it is possible to idealize the -ystem

and to develop a mathematical model for dam break/flood routing simulation by

mnking proper assumptions and simplifications. The accuracy of this model

will be compatible with the validity of its approximations. Due to the large

number of controlling physical parameters, the uncertainty of the governing

processes, and the idealization of the physical system, it is essential for

the sake of safety to predict the most severe conditions to be expected by

conducting a sensitivity analysis. This will also provide information about

the importance of each individual quantity or process within the entire dam

break/flood routing simulation model.



PART II: LITERATURE REVIEW

15. Although dam break and ilood routing might be coupled processes, they

will be treated separately for simplicity throughout this study.

Dam-Break Mathematical Modeling

16. In spite of the importance of the subject, very few attempts have

been made to mathematically model the gradual failure of an earth dam. All of

the existing models are based on the princioles of hydraulics, hydrodynamics,

and sediment transport, but each modt-1 hns i~s owa characteristic features. A

general discussion of these models is giver in the following paragraphs.

Cristotano

17. The first attempt to simulate the mechanics of gradual dam breach

erosion was pechaps done by Cristofano (1965), who equated the force of water

flowing over the breach to the fricuion resistance force acting on the wetted

perimeter of the breach. After some manipulation, he derived a differential

equation relating the rate of change of water discharge to the rate of change

of the vcrtical and lateral erosion within the notch. However, the applica-

tion of this equation was cumbersome for mrniial computation and was also

discontinuous in certain cases. Cristofano simplified his approach, and the

following analytical expression was obtained:

Qs / £ tan)
Q= K h /()

where

Qs = sediment discharge

Qb = water discharge through the breach

K = proportionality constantc

= length of the breach in the flow direction

i developed angle of repose of the soil

h = hydraulic head at any given time
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18. The applicability of Cristofano's model is limited by the assumption

of a trapezoidal breach of constant width where the side slopes and the longi-

tudinal slope of the breach bottom are equal to the developed angle of

internal friction. There also is an uncertainty in the estimation of the pro-

portionality constant K . The solution requires a trial-and-errorc

procedure. The model was applied by the Bureau of Reclamation to Hyrum Dam,

Utah, and by the Tennessee Valley Authority to Brown's Ferry Nuclear Power

Plant.

Harris and Wagner

19. Harris and Wagner (1967) treated the dam failure problem as a para-

bolic breach subjected to erosion. The sediment transport was estimated by

the Schoklitsch bed-load formula. The flow through the breach was assumed as

spillway overflow, while tailwater effects were neglected. The model requires

specification of breach dimensions and slope, in addition to sediment grain

size and critical value of discharge for initiation of sediment motion. The

applicability of the model is limited by the uncertainty of the values of var-

ious parameters involved and by neglecting tailwater effects and sloughing.

Brown and Rogers

20. Brown and Rogers (1977, 1981) reported on the Bureau of Reclamation

computer program BRDAM, which was based on the work of Harris and Wagner

(1967). The model, which is capable of simulating erosion from either

overtopping or piping, was applied to the failure of Teton Dam, Idaho. Its

limitations are similar to those of the original model of Harris and Wagner.

Fread

21. Extensive research on dam-breach flash flooding was accomplished by

Fread (1977, 1978, 1980, 1981) using the National Weather Service computer

program DAMBRK, which can handle rectangular, triangular, or trapezoidal

breach shapes. The breaching of the dam commences after the water elevation

within the reservoir exceeds a specific value, aaid the breach bottom enlarges

at a predetermined linear rate. In the total outflow discharge, both broad-

crested weir flow over the breach and flow through spillway outlets are incor-

porated. The DAMBRK program was applied to five historic dam-break flood

cases. Although the results after calibration were satisfactory, the model

cannot be applied for predictive purposes due to the requirement of a priori

definitions of failure time duration and terminal shape and size of the

breach. Therefore, this model is useful only for the estimation of a spectrum

10



of possible flooding events, not for prediction of the one most likely to

occur.

Lou

22. Lou (1981) presented a model for estimation of the outflow hydrograph

generated by a gradual earth-dam rupture. His model was based on the conti-

nuity and momentum equations of unsteady flow solved by Priessmann's four-

point finite-difference scheme. The inertia terms of the momentum equation

were neglected. For the sedimentation processes, Lou initially used DuBoy's

bed-load equation along with Einstein's theory for suspended sediment trans-

port. However, this approach, when applied to dam-erosion cases, experienced

instability problems. Thus, he proceeded with a simplified sediment transport

expression that he called a transport function. It was derived from Lhe

assumption that embankment erosion was proportional to the kinetic energy of

the flowing water and was expressed by the following equation:

4
M = eitdu (2)

where

M = mass of troded soil

e = erodibility index

td = failure duration time

u = water velocity through the breach

23. Applicability of the model as a predicter is very limited since the

duration of failure time and the erodibility index are almost impossible to

predetermine. The model was calibrated and tested using the transport func-

tion approach for the failure cases of Teton Dam, Idaho, and Mantaro Dam,

Peru. The results were satisfactory.

Ponce and Tsivoglou

24. Ponce and Tsivoglou (1981) developed a gradual dam-breach model using

the St. Venant system of equations, which they solved numerically hy the

Priessmann's finite-difference scheme. The sediment routing was done by an

Exner-type equation where the bed-load function was that of Meyer-Peter and

Mueller (Simons and Senturk 1976). Regarding the breach morphology, they

introduced a regime-type relation between top width of the breach and flow

rate. This relation was applied from inception to peak flow, after which the

breach was kept constant. The weakness of this model is the determination of

11



the rate of growth of the breach width and the neglect of the sloughing

effects. The model was tested on actual data of the failure of the natural

embankment that formed Mantaro Dam in Peru.

Fread

25. The latest development on breach erosion for earth-fill dams is the

BREACH model presented by Fread (1984). This is an iterative numerical model

based on broad-crested weir flow over the breach and quasi steady-state uni-

form flow along the downstream face breach channel. In development of the

model, tailwater effects were included. Sediment transport was treated by the

Meyer-Peter and Mueller bed-load formula. The innovative aspect of the model

is the introduction of slope stability, although the theoretical derivation is

for dry soil conditions. The simulation of erosion assumes that the breach

slope is parallel to the downstream face slope of the dam. The applicability

of the model for predictive purposes is restricted by the uncertainty of the

values of critical shear stress for initiation of erosion and terminal breach

width, which are required as input data by the model. The model was applied

to the failures of Teton Dam, Idaho, and Mantaro Dam, Peru.

Classification and comparison of models

26. All of the existing models have some advantages and disadvantages

regarding computational efficiency and realistic description of the physical

processes. When they were applied to historical dam-failure cases, all of the

models showed an acceptable degree of accuracy. Of course this is due par-

tially to the fact that a number of parameters can be calibrated to improve

simulation results. The basic philosophy for mathematical modeling of dam-

break problems is the coupled treatment of the two phases involved, i.e.,

reservoir water and sediment from the dam body. Governing equations and the

number and nature of physical and empirical parameters determine the suit-

ability of the model for prediction.

27. Similarities and differences of the various models are given in

Table 1. This illustrates the evolution and expansion of the technology of

earth-dam failure simulation during the last 20 years, from the simple con-

ceptual model of Cristofano to the most sophisticated BREACH model of Fread.

Improvement of the existing state of the art can be achieved by reducing the

number of parameters needing calibration and by introducing more realistic

assumptions for both water discharge and sediment transport mechanisms.

12
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Breach Characteristics

28. One of the weak points in the studies of earth-dam failures is the

breach morphology. Breach shapes and dimensions have been documented in many

cases, but predictive correlations are very limited. The same is true

of the failure duration time. Information on pertinent earth-dam breach

characteristics for 52 cases is given in Table 2 (Ponce 1982; Singh and

Snorrason 1982; MacDonald and Langridge-Monopolis 1984).

29. Singh and Snorrason (1982) analyzed the historic data for 20 dams and

provided information on the three breach parameters: width of breach, initial

hydraulic head for failures caused by overtopping, and failure duration time.

30. Ponce (1982) presented a preliminary analysis of certain parameters

relevant to the breach morphology. For his analysis he used the breach Froude

number F

Qp
F = 1/2 (3)

B(gd 3)

and a shape factor SF , defined as

S = (4)
F B DZ0

where

Qp = peak outflow discharge

B = top width of the breach

g = acceleration due to gravity

d = depth of breach

BD = top width of dam

Z = initial height of dam

By plotting the data from 29 historical cases (Figure 1), Ponce derived the

relation

F = 0.20SF 0 .3 9  (5)
F
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which is comparable to the equation reported by the US Army Corps of Engineers

(1961),

F = 0. 29S F .2 (6)

31. Another interesting compilation of breach characteristics data was

presented by MacDonald and Langridge-Monopolis (1984), who analyzed 42 cases

and suggested an empirical methodology for prPdirting the shape, size, and

failure time for an earth-fill dam. Their methodology is based on Fig-

ures 2-4. In Figures 2 and 3, they make use of a "breach formation factor,"

which is defined as the product of the discharged volume of water and the

difference in elevation between peak reservoir water surface and breach base.

By estimating the breach formation factor, they obtain breach volume from

Figure 2. Having the volume of breach, they use Figure 4 for prediction of
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failure time. The same authors suggested a triangular breach shape with 2V: IH

side slopes, which turns into a trapezoidal shape after the breach reaches the

base of the dam. Houston (1984) reanalyzed the previous data, proposing a

trapezoidal breach with lV:IH side slopes and base width equal to the depth of

the breach.

32. F,,rther analysis of breach characteristics is given in Figures 5 and

6 where the breach top (B), bottom (b), and average widths are plotted versus

the height of dam and the depth of breach, respectively. Using least squares

curve fitting approximation, the following relations were obtained:

B = 4.45Z 7)
0

b = 2.04Z (8)
0

b = 2.6 d
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The constant coefficient in Equation 8 is less than the one in Equation 9

because breach depth d is sometimes less than the dam height Z , whichC

means partial failure occurred. Indeed, in 9 of 39 documnented dam cases, the

failure was partial.

33. Based )n the deta of Table 2, the probability of exceedance of dam

fLilure time is plotted in Figure 7. In the same figure, the probability of

exceedance of the initial hydraulic head for an overtopping failure event is

also plotted using data from Singh and Snorrason (1982). Thus, with a

50-peicent probability, failure time will be about 1.10 hr, while initial heod

will be approxiately 0.4 m.

34. Although these results provide valuable information about the order

of magnitude of breach characteristics when applied, they should be used with

caution and judgment. The scattering of the data points and lack of

INITIAL OVERTOPPING HEAD, METERS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.9 0 Data from Tabte 2 -
'J 0.8 o Data from Sirgh &

U Snorrason (1982)

z< 0.7

LU
L)0.6
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,1 0.4 -

o

FAILURE
0.2 TIME

0.1

C 1 Ji L 1 I I- ;. I
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TIME OF FAILURE, HOURS

lIgure 7. Probability of exceedance of initial overtop-
ping hydraulic head and failure time
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theoretical explanation restrict the applicability of those empirical rela-

tions and indicate the need for a more thorough and detailed analysis of

breaching mechanisms.

Mathematical Modeling of Flood Routing

St. Venant system of equations

35. Propagation of a flood wave through the receiving channel and flood-

plain can be successfully described by means of unsteady, incompressible,

free-surface hydrodvnamic equations. More specifically, they compose the

so-called St. Venant system of equations expressed as

_- _+x 
= q (Continuity) (10)

t ax 0

2Q (2 ) +gA2+ gA (Sf - SO) = 0 (Momentum) (11)T-- t + TxA x + g

where

A = wetted cross section

t and x = time and distance coordinates, respectively

Q = water discharge

qo = lateral inflow

y = water depth

Sf = energy loss gradient

S = slope of the channel0

To determine the energy gradient, either Chezy's or Manning's friction rela-

tion can be applied. For completeness of the problem, both the initial and

boundary conditions must be provided.

36. The St. Venant system of equations is a nonlinear partial differ-

ential system of the hyperbolic type for which no general analytical solution

is known. Solution of that system can be obtained only by means of three main

numerical techniques: the characteristics, the finite differences, and the

finite elements. Each method is described in the following paragraphs.

37. Characteristics technique. The main feature of this method is the

transformation of the original partial differential system of two equations

24



into an ordinary differential system of four equations. This is possible

because the system is hyperbolic. The characteristics can be defined as

propagation paths of a geometric or physical disturbance. For a channel of

constant width and zero lateral inflow, Equations 10 and 11 can be written as

2Z +dt u 1Z+ y 2 = 0 (12)
dt ax a

t x + g + g(S S) = 0 (13)

Combining Equations 12 and 13 and the total differentials (du,dy) yields

I u 0 y dt0

0 g I u =S f

3u (14)

dt dx 0 0 a- dy

0 0 dt d 2Y- du

Equation 14 has a defined solution if and only if (Abbott 1966):

xt =U+V' =u + c 0= (15)

( = u - gy = u + c0 = C (16)

(j J+ d(u + 2co )

dt) dt = g(S - sf) (17)

(dJ)- d(u + 2c )
dt dt o Sf) (18)

25



where
+

C = wave characteristics
+

J = Riemann's quasi-invariants

c = wave celerity

38. Thus, the system of Equations 12 and 13 has been transformed into the

system of Equations 15-18. The new system can be solved graphically (Schon-

feld 1951), semigraphically (Chow 1959), or numerically. The numerical

solution is based on the finite-difference techniques. The solution can be

obtained either on a characteristics grid (Figure 8) in explicit form (Faure

and Nahas 1961) or implicit form (Amein 1966), or on a fixed grid (Figure 9)

in explicit form (Stoker 1957) or implicit form (Mozayeny and Song 1969).

39. Finite-difference technique. The main feature of finite-difference

techniques is approximation of the derivatives in the governing equations by

truncated Taylor Series so that the solution is obtained on nodal points of a

rectangular x-t fixed-grid system. The solution proceeds from time step j

to time step j+l . If the computation advances by solving a single equation,

the numerical scheme is explicit. If the computation requires the solution of

a system of equations, the scheme is implicit. Explicit schemes were sug-

gested by Isaacson, Stoker, and Troesch (1958), by Courant, Freidrichs, and

Lewy (1967), by Lax and Wendroff (1960, 1964), and by Dronkers (1964).

Implicit schemes were given by Preissman, Vasilier, and Abbott (Mahmood and

Yevievich 1975) and by Dronkers (1969).

40. Finite-element technique. In this method the solution domain is

subdivided into a number of subdomains, the finite elements, and for each ele-

ment the unknowns X(e) are approximated in discrete form as

(e) 

1m

x = ENix i  (19)

where
N. = shape functions

i

Xi = value of the unknowns on the nodal points

m = number of nodes of each element

Substitution of the approximate solutions (Equation 19) into the governing

equations produces an error that is minimized either by means of variational

calculus or by the more general method of weighted residuals (Finlayson 1972).
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In that way, a local algebraic equation is derived for each element. After
assemblage of all local equations into a global system, solution is obtained

by solving the system and determining the values of variables at each nodal

point (Zienkiewicz 1971). Depending on the form of shaping functions, the

numerical method can be either a hybrid finite element-finite difference

scheme or a pure finite-element scheme. More specifically, if Ni = Ni(x)
then the finite element discretization is done only for the space coordinates,

while the solution marches in time by a finite-differences algorithm (Taylor

and Davis 1973). If Ni = Ni(x,t) , then the solution is based entirely on

finite-element technique (Scarlatos 1982).

Simplified approaches

41. Depending on the physical conditions, the St. Venant system of equa-

tions can be reduced to a simpler form by neglecting one or more of the terms

in the momentum equation (Equation 11 or 13). A visualization of various

approximations can be given as follows:

Gravity

t u Lx + g + g(Sf-o) 0

I Kinematic

Diffusive

Steady Dynamic

Full Dynamic

42. The advantage of these approximations is primarily the simplification

of computational requ1ifments. However, the physical problem itself dictates
which one of the approximate forms is more appropriate. It has been proven
that the kinematic wave model is a very useful technique for flood routing.

An extensive treatment of kinematic wave modeling was given by Sherman and

Singh (1978, 1982). Another approach to flood routing is the Muskingum

method, where the dynamic equation is replaced by an empirical relation
between water storage and inflow-outflow discharges (Singh and McCann 1980).

Classification and comparison of models

43. The St. Venant system written in the form of Equations 10 and 11
neglects the effects of wind stresses, atmospheric pressure differences, and
the Coriolis Force. Knowledge of initial and boundary conditions is also

required. Experience with the full dynamic model has shown that it can yield

28



results of sufficient accuracy, but the solution is sensitive and sometimes

leads to computational instabilities. On the other hand, simplified models

show a more stable solution behavior, and they produce some kind of results

under all circumstances. In many cases, however, these results are very

inaccurate and of no practical use. Precise delineation of conditions under

which simplified models can be successfully applied has not yet been achieved.

The problem of defining the best model is very complicated due to the large

number of variables involved. Additional confusion is introduced by the

special features of the uumerical solution technique itself. When local and

convective acceleration is negligible, the diffusive model can be applied.

Furthermore, if pressure variation is small in comparison to gravity and fric-

tion effects, the kinematic wave approach is suggested.
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PART III: GRADUAL DAM-BREAK EVOLUTION AND FLOOD PREDICTION

Dam-Break Evolution

44. Simulation of the total earth-fill dam-breach erosion process is a

combination of hydrologic elements, hydrodynamics, sediment transport mechan-

ics, and geotechnical aspects. The real-life problem is unsteady, nonhomo-

geneous, nonlinear, and three-dimensional, which is not theoretically well

understood. Mathematical modeling of the phenomenon requires idealization of

the real-life situation so that the leading physical processes can be

cescribed by a set of governing equations. Assumptions on which the governing

equations are based, the ability to determine certain parameters involved, and

accuracy of the solution algorithm control the validity of the model. For

practicality, there is always a trade-off involving complexity, accuracy, and

efficiency of the model.

45. Earth-fill dam-breach erosion is understood intuitively as a two-

phase wa er-soil interacting system. Water from the reservoir flows through

the breached section of the dam, causing enlargement of the breach either by

erosion or sloughing. The process continues until the reservoir is emptied or

the dam resists further erosion. In the following sections, each component

and process of the reservoir-dam system will be presented. Assumptions and

simplifications will be discussed and explained through physical reasoning.

Reservoir water mass balance

46. The volume of water stored within the reservoir V is a function of

the reservoir geometry. Theoretically, this volume can be estimated as

H
V f A (H)dH (20)

0

where

H = reservoir water level measured from a reference datum

A = surface water area within the reservoir
s

Equation 20 assumes a horizontal water surface within the reservoir, neglect-

ing any possible surface profile, which is for practical purposes correct

und-r equilibrium conditions. When the dam is breached, water from the equi-

librium stage within the reservoir starts to accelerate and converge toward
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the breach, while at the same time there is a continuous depletion of the

water volume V . This phenomenon is essentially dynamic and is controlled by

both the mass continuity and momentum balance equations. Due to comparatively

small velocities within the reservoir and the locality of the dynamic effects,

the rate of water volume depletion can be described by a single mass continu-

ity equation as

dVd - Q Qo Qsp (21)

where

I = inflow
0

Qb = breach outflow discharge

Q = outflow over the crest of the dam

Qsp = outflow through the spillway and powerhouse outlet

The time derivative of the water volume can be written as

dV dV dH = H (22)
dt dH dt s d

where V is the reservoir water storage capacity. Combining Equation 21 and

22 yields

As(H) dH Io - Q - Qo - Q (23)

47. Inflow discharge I includes all water sources such as riverine0

water, watershed runoff, direct precipitation, and ground-water flow into the

reservoir. The combined effect is given in the form of a hydrograph through

statistical evaluation of existing data. The more extensive and accurate the

data set, the more reliable the inflow hydrograph. In case of limited data,

an inflow hydrograph should be assumed that corresponds as well as possible to

the expected conditions.

48. Another specified variable is the outflow Qsp Indeed, the

spillway capacity is given as a function of the water elevation H , while the

powerhouse discharge is also a predetermined function of water flevation and

time. Knowledge of both of these quantities is essential for efficient

operation and management of the dam, so they are always accurately specified.
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49. Before construction of a dam, the upstream valley that will serve as

the artificial lake is mapped in detail to determine the storage capacity of

the reservoir. Therefore, the relation As = A s(H) is a known function. in

most cases, however, instead of the A = A (H) relation, an equivalent rela-
5 s

tion of V = V(H) is provided so that the A (H) function can be obtained
s

directly as the tangent at any point of the V-H curve.

50. Referring to Equation 23, it is obvious that the only unspecified

quantities are the outflow discharges through the breach and over the crest of

the dam. If those quantities could be expressed in terms of only the water

elevation H , then Equation 23 would be an ordinary differential equation

that can be solved easily. However, as it will be shown in the next section,

breach outflow Qb contains another unknown vaiiable, the breach bottom

elevation Z , so that Equation 23 cannot be solved directly. A schematic

presentation of the geometric and physical quantities of dam-break problems is

given as Figure 10.

Critic : de'
T ,  $2prco ,!e

H Norrr de th

Precipitation
11;1111 11111 Side View

Ice- o0

Io 2

L Front View

Figure 10. Geometric and physical characteristics of

earth-dam failure
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Hydraulics of flow through

the brpch apd ova- thp crest

51. Flo- through the breach and over the crest of the dam resembles flow

over a broad-crested weir. Since there is no information for unsteady broad-

crested weir flow, steady-state expressions for the flow will be used in this

study. This is justified by the fact that, in the vicinity of the breach,

local accelerations are much smaller than convective accelerations as the par-

ticles start moving from rest toward the breach. Therefore, quasi-steady con-

ditions will describe the phenomenon fairly well, and both outflows through

the breach and over the crest of the dam will be taken as

Q = [Clb + C2 (H - Z) tan 6](H - Z)3 /2  (24)

* 3/2

Q0 = CI(BD - B)(H - Z ) (25)

where

C1 and C2 = dimensional coefficients

o - bottom width of the breach

Z = bottom elevation of the breach

8 = angle between vertical and the breach side

BD = top width of the dam (crest length)

B = top width of the breach

Equation 24 corresponds to a trapezoidal-shaped breach, while Equation 25 cor-

responds to a rectangular-shaped weir. For b = 0 , Equation 24 describes a

triangular breach, and for 0 = 0 , a rectangular one. ,

52. In the case of a rectangular weir, the theoretical value for C can

be easily derived from critical flow conditions over the crest as

[g ( bc31/2 = g (~ 3

1 [ 2 I b l /2 b 2(l ) 11 /2

Qb b g9 3..g J

(26)

= 1.7b(H - Z) 3 / 2
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where

A b = wetted cross section of the breach

Yc = critical depth

Therefore, in the metric unit system, C] = 1.7. The theoretical value for

the C2  coefficient in the same unit system is 1.35. In practice, those

values should be reduced due to correction for velocity of approach (Brater

1959).

53. Further reduction of the values of coefficients C and CO might be

necessary when tailwater effects are present, i.e., when flow is submerged

(Figure 11). In that case, these coefficients are modified from the equation

*M * Y - Z 7IC1 ,2 2 Z 1.0 - 27,8 Z 0,6 (27)

where
*m*
C *, = modified C coefficient
1,2 1,2

C = C or C
1 ,2 1 2
Yo = water depth at the tailwater section

Fquntion 27 is an empirical relation and implies that if the ratio of depth of

submergence over hydraulic head is less than 0.67, the tailwater effects are

negligible.

54. The water depth v is computed from Chezy's equation

Q = .,1/2. (28)

or Manning's equation

I R 2/3S /A (29)
n h o

where

C1 = Chezv's coefficient of friction

Rh = hydraulic radius at the tailwater cross section

n = Manning's coefficient of friction

Equations 28 and 29 are transcendental equations with respect to v and-o

require a trial-and-error procedure for their solution.
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V--

Figure 11. Submerged flow conditions

55. Combining Equations 23, 24, and 25, the reservoir water volume deple-

tion equation reads

dH * *p/

A (H) dt = I (t) - [C b + C*(H - Z) tan 61(H - Z)3 / 2

s dt o 21

* 3/2

- C (B - B)(H - Z ) - Q (H't) (301
1 D o sp

Equation 30 is a nonlinear ordinary differential equation with two unknowns:

water elevation H and breach bottom elevation Z . Those two unknowns are

interdependent through the processes of outflow discharge and breach erosion.

For completeness of the solution, an equation that describes dam-erosion

characteristics should be derived.

Flow through breach on

the downstream face of dam

56. The main erosive force is water flowing at high velocities over the

downstream face of the dam. Although the flow is unsteady, it can be approxi-

mated bv quasi-steady-state conditions by the same reasoning used for the flow

over the crest. According to experimental data of Pugh and Gray (1984', the

flow over the whole top section of the breach can be assumed as being critical

(Figure 12). Therefore, the water flow over the downstream face of the dam

will be supercritical, reaching normal flow conditions aOter passing through

an S2 profile (Figure 10).

57. When local accelerations are neglected, the momentum equation

(Equation 13) can be written as



h/[ o Criicc'. depth

Embankment
0.20- /

0.00 010

Figure 12. Flow over the crest breach section (after Pugh

and Gray 1984)

2

Making use of Chezy's friction equation for Sf and after some mathematical

manipulations, Equation 31 yields

Qb B Qb

dx 3 o 22
g C hAb Rh

For steep slopes, Equation 31 should be corrected as

2
S Qb

=o - h AR = F(y)
dx Q2B

Cos Cb 3
gAb

where ab is the angle of the downstream face of dam with the horizontal.

Integration of Equation 32 requires an iterative technique. Since flow i .
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supercritical, the integration starts from the upstream boundary, i.e., the

critical depth.

Erosion processes and sediment transport

58. After development of an initial breach on the dam, the hydrodynamic

forces continue to enlarge the breach by eroding the soil material. Mechanics

of sediment transport is a scientific discipline that has been developed in a

semiempirical form mostly for the case of alluvial rivers. Because of a lack

of information on sediment erosion under extremely dynamic conditions, such as

those occurring during an earth-fill dam failure, sediment discharge will be

estimated by a conventional method, the Einstein-Brown bed-load formula (Brown

1950). Although this method has been successfully applied for prediction of

sediment transport in alluvial streams, its application to dam-erosion dynam-

ics requires extrapolation beyond the range for which experimental data exist.

The Einstein-Brown formula was chosen since it has been more widely tested

than any other method (Simons and Senturk 1976). Besides, this method does

not depend on a threshold value of shear stress for initiation of erosion,

which cannot be determined easily.

59. Einstein-Brown bed-load formula. The basic idea of the Einstein-

Brown theory is that initiation and cessation of sediment motion depend on the

probability that relates instantaneous hydrodynamic lift forces to the sub-

merged weight of a particle. Their final results are presented in the dimen-

sionless expression

c~l) (33)

where

= sediment transport rate function

Y inverse of Shield's dimensionless shear stress

Explicitly, the quantities P and f are given as

q bw (34)

YsKE - s

and

1_ T (35)
(Y2 - y)Ds
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where

qbw bed-load discharge, weight per unit width

Ys = specific weight of soil

K E = constant

2 36v 36v 2(36)

. gDs - ) gDs( s37sT
y = specific weight of water

D = representative size of bed sediments

T = bed shear stress

Y2 = specific weight of submerged soil

v = kinematic viscosity of the water

Usually, Ds is taken as the median size D5 0 , while bed shear stress is

estimated as

2
= YR S = u-- (37)

Ch

60. The functional relationship of Equation 33 was determined using

experimental data. A plot of the results is given as Figure 13. As shown in

this figure, when 1/Y > 0.09 , Equation 33 becomes

= 40()3(8

At this point, it should be mentioned that due to high shear stresses exper-

ienced in the dam-erosion problem, the value of 1/Y will be much higher than

the limiting number of 2 given in Figure 13. Therefore, in that case, an

extrapolation will be necessary.

61. Breach bottom erosion rate. Once the bed-load discharge qbw has

been estimatd, the rate of erosion of the bottom of the breach can be

directly calculated. Indeed, scouring AZ of the breach during time interval

t can be given as
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Figure 13. Transport rate function versus dimensionless shear stress

AZ = qbw At
y =  (I - p)(

where p is the soil porosity.

62. Since bed-load discharge depends on hydrodynamic conditions and those

conditions change from critical to supercritical flow, erosion processes must

be considered separately for the breach at the crest and the downstream face

of dam.

Geotechnical considera-

tions of breach slope stability

63. During the erosion processes of an earth-fill dam, the situation

arises where breach slopes become unstable. This happens when the hydrody-

namic forces associated with seepage are greater than the soil friction and

cohesion. The problem can be successfully analy-ed by the contour method

(Chugaev 1964), in which the shearing surface is assumed, for simplicity, as a

single plane passing through the toe of the slope. A schematic representation

of the problem is given as Figure 14. The initial water table is the horizon-

tal line 3-4. Due to breaching and depletion of the reservoir water, the

water surface is drawn down to line 2-5, which will create a horizontal seep-

age force that along with gravity forces might cause failure of the slope.

The main advantage of the contour method is that it requires knowledge of the
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Figure 14. Characteristics of slope instability

head distribution only along the boundaries of the sliding wedge and not

throughout the entire wedge.

64. In the contour method, the total seepage force acting on the wedge is

obtained directly from the hydraulic head distribution. Let 1-7-8 be the

sliding wedge. The piezometric line of the upper part of the wedge is repre-

sented by line 4-3-6-2-5, while the piezometric line for the shearing surface

is given by straight line 4-6-5. Projecting the hydraulic heads on i'-i"

axis, the horizontal component FH  of the total seepage force is proportional

to the area of triangle l'-2'-3'.

65. For estimation of the weight of the wedge, the nonuniform presence of

water within the sliding wedge should be considered. Indeed, the total weight

of the wedge can be estimated by calculating the weight of the saturated soil

as well as the buoyancy effects as follows. Section 3-4-7-8 is composed of

dry soil (y ). In section 2-6-5, negative pressure is assumed, so that thes

specific weight is that of pure water but with a minus sign (-y). Soil is

saturated in section 3-6-4, so the specific weight is

Y = y + py (40)Y1 Ys

where I is the specific weight of saturated soil. Finally, the soil sec-

tion 1-4-6 is submerged, with specific weight y2  given as
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Y2 = Ys (1 - p)y (41)

The total weight of sliding wedge, G , is the sum of the four separate parts,

and for a wedge of unit width it yields

G = ysA(3-4-7-8) - YA(2 -6 -5) + Y1A(3 -6 -4) + Y2A( 1-4 -6) (42)

where A ) is the area of each individual section.
66. Stability or failure of the breach sides depends upon the balance of

forces acting on the wedge. Those forces are the weight of the wedge, the

seepage forces, the internal friction, and the cohesion. At the stage of

equilibrium, the force balance equation yields (Chugaev 1964)

FH + G tan (C - p) = Cx [1 + tan C tan ( - )] (43)

where

= angle between the shearing plane and the horizontal

C = cohesion

x = horizontal projection of the shearing planep

Failure of the slope occurs when the right-hand side of Equation 43 is greater

than the left-hand side.

Flood Routing by the Muskingum-Cunge Method

67. Once the outflow hydrograph from the breach is known, the flash flood

can be routed through the downstream receiving channel. One well-established

technique for flood routing is the Muskingum-Cunge method (Ponce and Yevjevich

1978). This method is based on a linear relation between inflow I , outflow

0 , and reach storage S , given the form

S = K[al + (1 - a)0] (44)

where

K = dimensional coefficient

a = weighting factor

Equation 44 is coupled with the volume continuity equation written as
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dS (45)-=I -0 (5
dt

In Equations 44 and 45, the function I is known either from the flash-flood

hydrograph or from the computations of the adjacent upstream reach.

68. In contrast with the original Muskingum method where both K and a

are constant parameters, in the Muskingum-Cunge method, K and a vary

according to the expressions

Ax
K Ax -(46)c

0

and

q- 
(47)

where

Ax = length of a channel reach

c = wave celerity0

q = discharge of unit width

It has been proven that application of this routing technique can give results

comparable in accuracy to the application of the diffusive model (Ponce and

Yevjevich 1978).

Numerical Solutions of the Governing Equations

69. Once the governing equations have been defined, the next step is to

determine their solution algorithm. Unfortunately, most of the equations can-

not be solved analytically, so a numerical solution is required. In this sec-

tion, emphasis will be restricted to certain independent solution techniques

and not the overall dam-break problem.

Solution of the water-profile equation

70. For the solution of the water-profile relation (Equation 32), the

numerical technique suggested by Prasad (1970) will be used. Let the flow

profile be described by y f(x) . Applying the trapezoidal rule of

integration,

dy +dx
dx i+l i

Yi+l = Yi + 2 Ax (48)
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where the subscript i refers to the distance along the channel and it

increases downstream.

71. Based on Equations 32 and 48, the two unknowns y and dy/dx can be

computed as follows:

Step 1. Estimate (dy/dx)l i from Equation 32, either from initial

dnta or previous calculation.

Step 2. Set (dy/dx) i+1 = (dy/dx) i as a first approximation.

Step 3. Obtain an approximate value for yi+1  from Equation 48.

Step 4. Compute a new value for (dy/dx)l i+1  from Equation 32 using

the yi+l obtained in step 3.

Step 5. If the new value of (dy/dx) i+l is not very close to the

value previously assumed or computed, then repeat steps 3-5.

Otherwise, proceed to the next integration step and repeat

the whole procedure.

The method is fast and accurate and can be programmed very easily.

Solution of the Muskingum-Cunge equation

72. Combining Equations 44-47 and setting them in finite-difference form,

after some manipulations, results in the following equation:

0j+l = c + c 2 1 j+l + C30 J (49)

where the upper index j refers to the time step and C1 , C2 , C3 are

numerical coefficients. The space-time discretization of the Muskingum-Cunge

method is shown in Figure 15. From this figure it is evident that the outflow

of a specific section is inflow for the downstream adjacent section.

73. The coefficients C1 , C2 , and C3 can be evaluated, respectively,

from the following relations:

1 + C - C5

C = 4  5  (50)
1 - + C4 + C 5

C2 = 1 + C4 + C5

1 + C4 + C5

C3 = 4 5 (52)

3 1C 4+ C5
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=

Q I= Q i
I I .1 - 1+1

Ax Ax ,- A x

Figure 15. Space-time discretization for the

Muskingum-Cunge method

in which C4  and C5  are defined as

C 4 : o\A x (53)

and

C q/S (54)
5 c Ax

0

The time step At is usually taken as constant. Both C 4  and C 5 have

physical significance, being a ratio of celerities and diffusivities,

respectivel y.

74. For the estimation of these coefficients, it is necessary to deter-

mine the wave celerity c and the unit width discharge q for each computa-
0

tional cell. The values of c and q are defined as

0

c o T-A) (55)

and

q Q (56)
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where T is the top width of the channel .etted cross section. To compute

coefficients C4  and C5 , both c and q are obtain-1 directly as a

three-point average of their values at points (i,j), (i,j+l), and (l4-l.j).

This method has been proven sufficiently accurate in the simulation of flood

flows (Ponce and Yevjevich 1978).

75. In many cases, especially when dealing with trapezoidal cross

sections, the situation arises when the roots of an implicit algebraic func-

tion y = f(x) should be determined. The most commonly used technique for

that purpose is the Newton-Raphson iteration algorithm, given as follows:

f(x i)

xi+1  x o - TT(T (57)

where i is the iteration index and f'(x) is the first derivative. The

method is very efficient and converges rap 4 dly.

Fixed-point iteration algorithm

76. In certain cases, it is very convenient to use a more simplistic

iteration algorithm such as the fixed-point scheme instead of the Newton-

Raphson technique. A graphical description of that scheme is presented as

Figure 16.

f(x)

0Xo Xx

Figure 16. Fixed-point iteration algorithm
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PART IV: COMPUTER MODEL FOR BREACH EROSION OF EARTH-FILL DAMS

77. The Breach Erosion of Earth-Fill Dams (BEED) computer model is a

mathematical model developed for predicting the hydrograph of a flash flood

due to gradual dam failure. The structure of the model is based on the quan-

titative and aualitative nhvsical nrine4 nles -scribed in Parts I and ITT.

The solution procedures and algorithms of the model are relatively simple and

can be t,sed in both microcomputers and mainframe computer systems.

Physical Description of BEED

78. Before presenting a quantitative description o' the BEED model, it is

important to examine the conceptual framcwork of the mudel and LO discusS its

physical reasoning and consistency as well as its applicability and

limitations.

79. The model will be d' 'd for a homogeneous dam with different buL

uniform slopes for the upstream and downstream faces. Physical and geometric

cnaracteristics of the dam and its surroundings should be specified. The

model neglects the triggering mechanism of failure and can simulate the phe-

nomenon only when a small breach has been developed at the crest of the dam.

The size, shape, and location of this initial breach should be provided as

initial conditions. Unfortunately, the selection of such conditions is based

entirely on engineering judgment and not on quantitative information. For

convenience, a rectangular initial breach shape with specified depth-over-

width ratio can be assumed.

80. Once the initial breach has occurred, water from the reservoir starts

flowing through the breach, causing enlargement of the breach and erosion of

the downstream face of the dam. The erosion is restricted to a channel of the

same top width as the breach at the crest of the dam. However, the erosion

processes occurring on the crest and on the downstream face are considered

separately because the water velocities are much higher down the face of the

dam than they are over the crest; consequently, the downstream face erodes

much faster.

81. Tlie enlargement of the top breach follows a similar pattern except in

the case where sloughing due to slope instability occurs. At this point, it
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should be emphasized that the model incorporates only rectangular- or

trapezoidal-shaped breaches.

82. Sloughing effects are considered only for the crest breach; the shape

of the eroded channel on the downstream face is adjusted within the model to

that of the crest. If the normal flow conditions at the downstream face

.cquire c.n:,iderable 'istance to be developed, thi slope should be subdivided

into a number :f reaches so that the erosion in each can be estimated sepa-

rately. This will result in a steeper downstream slope. In most cases, how-

ever, normal flow conditions are established in a very short distance so that

the effect of the S2 water profile can be neglected and the erosion of the

downstream face can be assumed a, being uniform.

83. When the flow conditions are submerged (i.e., when tailwater effects

are present), the assumption is made that erosion occurs only on the top

breach and not on the downstream face while breach outflow discharge is

reduced.

84. Another characteristic feature of the program is that when the

UpSLLct11 and downstream slopes of the dam meet at a single point S , a sudden

predetermined mass erosion i. con-idered so that a new top horizontal breach

channel of length Z is established. The upstream face slope of the dam5

remains unaltered during the failure processes. The pLsgram cont-inils the

simulation until either the reservoir is emptied of water or the e-n resists

any further erosion.

Solution Algorithm of BEED

85. The BEED model is designed to estimate dam-breach erosion processes

to predict outflow discharge and to route it through the receiving channel.

Because of the implicit form of the governing equations, the solution algo-

rithm is iterative. However, practical experience indicates that convergence

is achieved after few iterations.

86. The first step in the BEED model is definition of the geometric and

physical features of the system. These are given separately for the dam, the

reservoir, and the downstream channel. At the same time, all preliminary com-

putations are executed, while initial conditions are specified.

87. More specifically, dam dimensions are provided along with soil char-

acteristics such as specific weight, particle diameter size, cohesion,
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internal friction angle, and surface roughness. Functional relationships for

the spillway, powerhouse outlets, and the reservoir capacity are also speci-

fied. Description of the downstream receiving channel is given through defi-

nition of shape, size, and roughness of a certain number of reaches, which may

be subdivided into smaller segments by linear interpolation techniques.

Finally, tne size and shape of the initial breach as well as the initial

hydraulic head are specified a priori. Having all the required information

available, the model proceeds by estimating reservoir water level, breach bot-

tom elevation, and outflow discharge, which is subsequently routed downstream.

88. The main variables of the problem are reservoir water level H and

breach bottom elevation Z . However, the breach outflow discharge Qb is

used as an additional variable during the iteration processes. For the solu-

tion, Equation 23 is discretized as

Hi+l i- Hi 1
il\ At = (I°  + I b ~ b~~

i+l + i i+l Q i+l

Qo -Q -Q ) (58)

and then written as

(0. o + I - Qbi+- Qb i+ - Q° - QsPi+l - QsPi
H Hi + ZA " (59)

si+1

where 1 is reterred to known time t and i+l s referred to new time

t+At In Equati"'n 59, the quantities H and Z are involved implicitly.

89. The computational steps for estimation of the variables are as

follows:

Step 1. Set 'i+l and Zi+1 eqia to values obtained from the

previous time step -r initial conditions ( denotes uncor-

rected value).

Step 2. Compute outflow discharge Qi+1 from Equations 24 arn 25

( denotes estimated value).

Step 3. Check for tailwater effects and, if needed, correct Qi+l

according to Equation 27.
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Step 4. Compute sediment transport and rate of erosion from

Equations 33, 34, 35, and 39. Then estimate i+l

denotes corrected value).

Step 5. If iZ - Zi+i is very small, proceed to the next ste>

Otherwise, set Zi+ = Zi+ 1 and return to step 2.

Step 6. Compute H it from Equation 5q.

Step 7. If 1Hi+ 1 - Hi+i is not very small, proceed to the next

step. If it is the first iteration, go to step 9 or return

to step 2.

Step 8. Set Hi+ 1 = Hi+ 1 , check for tailwater effects, and return

to step 6.

Step 9. Check for slope stability using Equation 43.

Step 10. Adjust dam-breach dimensions.

Step 11. Compute total outflow discharge.

Step 12. If hydraulic head h = H - Z is zero, proceed to the next

step; otherwise, return to step 1.

step 13. Estimate the Muskingum-Cunge coefficients from Equations
50-54.

Step 14. Route the flood according to Equation 49.

90. The solution algorithm of the BEED model is represented in flowchart

form in Figure 17. The effects of nonuniform flow over the downstream face of

the dam were neglected since normal flow conditions were attained in a very

short distance due to high slopes.

49



READ DA1-

t =0

PRELIMIN ARY COMPUTATIONS

NO

HQ.3, 34Z3, 3DUSDA
COMPUTEIEEOSIONSO

E) 2 4 2 i5

Figue 1. flwchrt f BEII)comptermodl (Cntiued



k-= j10 YES COMPUTE ERO SON OF
k-1=O; j1=0DOWNSTREAM BREAC

NCj

k =1 EQ. 43
-CHECK FOR

SLOPE STABILITY

EQ. 59 _

= H( . 1 ,,.1)ADJUST

BREACH
DIMENSIONS

YE i, -, < 10-6STR

NO

EQ 27 NOEC

YESUC YES FO

DISCHMUSKTINGUMCUNG
COEFFICIENT EFESTMIO

YES-~-.NO NOIN

------- t ~ ESUTS

Fiue1.(Cnldd



PART V: AFALYTICAL SOLUTIONS OF GRADUAL DAM EROSION

91. A better insight of the physical processes and the significance of

the controlling parameters of the gradual failure of a dam can be obtained

through analytical expressions. Unfortunately, the governing equations are

very complicated, so that a general analytical approach is not possible. The

degree of complexity of the system can be drastically reduced by making proper

simplifying assumptions and by lumping a number of physical parameters into a

form of constant coefficients. In that case, closed-form solutions are feasi-

ble. The analysis in this section is based primarily on the principles pre-

sented in Part III.

92. Assuming that the inflow into the reservoir is of a much smaller

order of magnitude than the breach outflow discharge and neglecting the spill-

way and powerhouse outflow, the mass continuity relation (Equation 23) becomes

dli
As(H) dt -b (60)

Furthermore, if A is independent of H (i.e., prismatic reservoir) and the5

outflow is taken as

Qb=uAb (61)

then Equation 60 yields

dH
A L -= -uA (62)s dt b

where Ab  can be rectangular, triangular, or trapezoidal. From Equations 24

and 25 it is evident that the water velocity at the breach can be estimated as

F
u = ,I(H - Z) (63)

where and P I are proper coefficients. Conbination of Fquations 6? and

63 gives a single equation with two unknown quantities: the water depth H

within the reservoir and the elevation of the bottom of the breach Z
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Therefore, an additional equation is required for the solution of the problem

that should be obtained from the mechanics of sediment erosion.

93. It is known that the rate of erosion is a function of the bottom

shear stresses or, equivalently, the square of the mean water velocity.

Mathematically, this can be expressed as

dZ 82
- = - 2u (64)

where a 2 and 62 are proper coefficients. Depending on the value of the

exponents Ri and 62 , the system of Equations 62 and 64 can be linear or

nonlinear. For completeness of the problem, the initial conditions

H = H and Z = Z at t = t (65)

should be provided.

Rectangular Breach

94. For rectangular breach of constant width b , the cross section Ab

is given as

Ab = b(H - Z) (66)

This implies that the breach enlarges only in the vertical direction.

Linear case

95. If the rate of erosion is a linear function of the velocity (F = 1),

then the whole problem is linear. Combining Equations 62 and 66 yields

dH
A - = -ub(H - Z) (67)

s dt

Dividing Equation 67 by Equation 62 and rearranging,

dH _ b
-- b (H - Z) (68)
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and setting h = H - Z , then dH/dZ = dh/dZ + 1 . Therefore,

dH bd -b h - i (69)dZ 2As

Separating the variables and integrating gives

OL2 As bh
b in - = Z + C (70)

2A

where CI  is an integration constant. From the initial conditions (Equa-

tion 65), C I  is estimated as

Ct2 As [b(Ho - Zo 1 z
C1 = b in 2s -I - (71)

Substituting Equation 71 into Equation 70 gives (after some manipulations)

H = Z + sC + H - Z ( - Z) (72)

Equation 72 prescribes the elevation of the breach bottom Z as a function of

the water height H and breach characteristics.

96. It is desirable, however, to have Z as a direct function of time.

Specifying coefficients a and i as a, =Vg and i = 1/2 , Equation 64

becomes

dZ_
d - c2 -2 g(H - Z) (73)

Combining Equations 72 and 73 yields

dt -o 2g S + H - Z -2 exp x bA (Z - Z)]i12 (74)

By separating the variables, Equation 74 is written as
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dZ -ag dt (75)

[A 1 + A 2 
exp (-Z0AZ1 

/

where A1  and A2  are given, respectively, as

a2As
A s b (76)
A1  b

A = H -z (77)
2 0 0 b

Referring to page 92 of Gradshteyn and Ruzik (1983), the solucion of

Equation 75 for AI > 0 is1 1

A1 + A2 exp (Z 0 1/2 - A1/2

A i/2n / 2 -agt + C1  (78)

[ I + A2 exp - + A1/2
1[I 2 ( A10) 1

where

A/2 LA + A 2 1 / 2  A1/2

C =A 1 2i - 11 n A + A1/2 + A1/2 (

1~ + 2)1

The final solution can be obtained from Equations 76-79. Indeed, after some

algebraic calculations, Z(t) is given as

a A (_ __ __ __ 
cAs)Z(t) = Z+ 2b s n 2b( - I~A + +HFZ +0o + ----b 0b° --Z0 -a 2A s-

Agot b 1" IiA

2 teP~ + /s

0' gsc02b 1 2
- z exp A_ t (80)
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Equation 80 specifies the progression of breaching in time.

97. Commenting on the assumptions made for the derivation of Equation 80,

the one that deviates mostly from reality is E2 = 1 . From experimental

results, that exponent ranges from 4 to 6 (Laursen 1956). Numerically, this

can be partially corrected by adjustment of the coefficient a2 " Another

critical point is the assumption of constant width b , which is very unlikely

to occur in the case of a iarge dam.

Nonlinear case

98. In this case, 2 J 1 , i.e., erosion is a nonlinear function of the

velocity. Dividing Equation 62 by Equation 64,

dZ =  A 2 (81)

Combining Equation 81 with Equations 63 and 66,

dH b 1-e2 (H - )1+B 2) (82)d 1A (H -Z) (2
dZ =2As

Setting

1-82

ba 
2

A3 m CA (83)

2 s

and

A = i + -1(1 2 (84)

Equation 82 reduces to

dH A4
d- AB(H - Z) (85)

Equation 85 can be transformed to

-(1/A 4) dW A4
A3 ~ d + 1 =W (86)

3 T7+
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1/A

where W = (H - Z)A 3  Separation of the variables and integration of

Equation 86 yields

fIdW_ /A4

dW - A Z+ C (87)

1 -W

The left-hand side of Equation 87 is the Bakhmeteff function.

99. A closed-form solution is feasible if the coefficient A4  is prop-

erly defined. Assuming 82 = 2 , =i ' ' and 81 = 1/2 , then

A-I 112 (88)
a2 Asg

and

A (89)
2 2

so that Equation 87 becomes

d W  
-A 2Z + C (90)f 1 _ wI/2  3 1

22

or by inserting the transformations back,

b - +I b F -

ce12Ag' + 1n 11 2  Z)

= ( b)'Z + C1  (92)
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From the initial conditions (Equation 65), the integiaLion constant C can

be estimated as

C / - Z + in - H - Z
a 2A s

g 1/2 2 Ag2/A 0

bo ) (93)

2g a2 A)

Substitution of the integration constant into Equation 92 gives

1/2 1/2

__L_ 2 s

1_ 2 - Z - ml- 21
+ 1 b 1/2

a2Asg i/2(H- Zo)

2As g

(94)

2g (Z - Z)

Equation 94 describes breach erosion in terms of the hydraulic head H - Z

100. To establish the variable Z as an explicit function of time, an

expression for the quantity H - Z should be derived. For that purpose,

Equation 64 is subtracted from Equation 62 while both Equations 63 and 66 are

used,

d(H - Z) ba1 I+61 + 2 B1 2 (95)
dt A 2 1s

Specifying the variables 1 ' and 2 as before,

d(H - Z) b (-Z) / 2dt T = - - Z)2 + a2 g(H - Z) (96)

s

Separating the variables and setting
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2 b
a2A2g

then Equation 96 becomes

dW2  g 2(- 2 = 2dt 
(97)W 2(I - W2) 2

or

1 dW = -2 dt (98)

Integration of Equation 98, determination of the integration constant, and

substitution of the original variables provides

2

H -Z2A s g(H0 - Zg t99

AHo - Zo -b vH - Zo 0-L2Ar)ep( t t

Having the e: ,mion for the hyAraulic head (Equation 99), the progression of

the breaching can be directly estimated from Equation 94. The nonlinear case

is an improvement of the linear one because it approximates the rate of

erosion with a quadratic velocity function.

Triangular Breach

101. For triangular breach geometry, the cross-sectional area A is

given as

= s(H - Z) 2 (100)

where s is the side slope (IV:sH). The assumption of constant side slope

implies that the breach will enlarge in a similarity pattern.
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Linear case

102. Again, for the linear case, B2 = 1 . Combining Equations 62 and 100

and dividing by Equation 64 yields

dH s (H - Z) 2 (101)
dZ a2A2

Equation 101 can be rewritten as

d (H -Z) s2+ I = (H - Z)2  (102)
dZ O2A

Setting h = H - Z in hquation 100, separating the variables, and using

partial fractions gives

dh dh
d / + = -2 dZ (103)

1 - (a2 s lh 1+

After integration, Equation 103 readq

1 + h

in - / 2h  = -2 Z + C (104)

Estimating the integration constant CI  from the initial conditions and sub-

stituting back to Equation 104 gives (after some algebraic manipulati-ns),

(e___ (I - Z) (105)

-1 + (H - ) + I + s )(H - Z) exp 2 (Z - Z], \ 2 s/ S) 2 s

H Z ) + 4 (s- ] exp [2(-s IT

60



103. Equation 105 describes the changes of hydraulic head in terms of

breach bottom elevation Z . Therefore, the function Z = Z(t) must be

determined. Equations 62, 63, and 64 can be combined to give

dH dZ = s 1/2 (H 25 1 2 (106)
dt t - -g- - ) 5  2g

s

Setting h = H - Z and separating the variables in Equation 106 gives

dh 1/2

h1/2 s h 2  ) = -c 2 g dt (107)

Referring to page 72 of Gradshteyn and Ryzhik (1983), the integral of

Equation 107 is

Al/4 _ h1 /2 1/25 -I ___

in 1 - 2 tan

A1/4 + hl/2 A1/4
5 5 = -nogl/2 t + CT (108)

2 s A3/4

2 AsA5

where A5  is given as

2As

A 2 (109)
5 s

By determining the integration constant CI , Equation 108 yields

(,As) 1/4 1/2 3/4 1/4

in 1/4 -2 tan - I (H - Z)4 2  g 1t

(--2 --) + (H Z)/2( 2 A

1/4
2 s) (H - Z) 1/2 (H0 - )12

+ In 1 0- 2 tan - 1  0 0 / (110)

+ (H + zo ) ( --)
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Equations 105 and 109 can be combined to determine the erosion rate of breach

bottom or the depletion of reservoir water.

Nonlinear case

104. For the nonlinear case, the erosion exponent will be taken as

B2 = 2 , and the Oischarge exponent as 6 = 1/2 . Then, dividing Equation 62

by Equatio' 64,

dH s (H 1 .5 (ii)

dZ 1/2 - Z ila 2 Asg

Setting h = H - Z and separating the variables in Equation III gives

dh
-1 + s h3/2 dZ (112)

1 /2

a2 Asg

Equation 112 can be easily transformed to

W dW _/3

W dZ (113)

1 - W 3  2

where

1/3 1/2W = h

and

Ab s 1/2 (114)
2sg

Referring to page 64 of Gradshteyn and Ryzhik (1983), Equation 113 is inte-

grated as
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(1 2 1 1 I 2W + 1/
-in 2 -11/2 tan 1 =Z + C (115)

or

1 n (h an- 1 -1
[ /~3 12--73 1/2 - k317/2+--3in----2/3tan3-7

1+ h+S Ah 33

2/3
3 A Z+ C I  (116)

Determining the integration constant C from initial conditions, the

hydraulic head is specified as a function of Z as

in ( 1/3 l/2 )2/3 ' 31/2

I+ h4 ( -+ n h + (2 1 + I

In (I 3 S1/tha1/ 3 2an/- l/ 3 1 12
1/3 1/ 2 2/3

2/3 h b
=
3Ab (Z - Z) +i A 1-k h

(I A
1

/
3 

h1/2 ) 2

-Ab

l/'3 1/2

-23/)t(ll - 1/ i iigH ) (118)dH dZ 1/2 tn 2S 5 o +

dt dt A -

S

Bv separating the variables, Equation I I ,'i can I- written as

(13



dh g dt (119)
3/2h(l - A h / )

S

1/3 1/2
Setting W = A6 h , Equation 119 is transformed to

dW 2 dt (120)

W(I - W3) 2

Referring to page 61 of Gradshteyn and Ryzhik (1983), integration of

Equation 120 gives

IIn - 2g t + CI  (121)
1 w 1

Inserting initial conditions and transforming into the original variable

h = H - Z , Equation 121 becomes

H - Z
S / 3 /3 (122)

2 H - )1 + - H - - t/ L2AI\ i 2 Asg .... I

Equations 117 and 122 can be used to estimate the variables H H(t) and

Z = Z(t)

Trapezoidal Breach

106. For trapezoidal breach, the cross-sectional area is defined as

Ab = (H - Z) + s(H - Z)2 (123)

where b is; the bottm width. During computations, the bottom width is

assumed as constant.

Linear case

107. Dividing FKquation 6) by 11 64 ad6 tising Fquation 1'3 yields

(0 ",



dH - [b(H - Z) + s(H - 7) 2  (124)dZ a 2As

Setting h = H - Z and separating the variables, Equation 124 becomes

dh = I dZ (125)

-E2A + bh + sh 2  2 As
2s

Referring to page 68 of Gradshteyn and Ryzhik (1983), the integral of

Equation 125 is

9 1/2
(b + 4(X2 sA S ) 12 - (b + 2sh) (4 2A / n b- r  = 2 - z + C (126)

b2 + 4Q2 sA (b + 4a2 sAs)
I / 2 + (b + 2sh) 2 s

Defining the integration constant and inserting in Equation 126 results, after

some algebraic manipulations, in the following:

2s(H - Z) = b2 + 4a 2 sAs  - b] [(b2 + 40' 2 sAs 1 + b + 2s(H - Zo)

_ 2 - 4Q 2 sA) - b - 2s(H - 1

b2 + 4cA2 sA)/2 + bj exp b2 + 4 2 sA s) 1/2 Z s]

(b2 + 4a 2sA + b + 29(H - Z ) + b 2 + 4asA)

-b - 2s (H - Z]exp [jb9 + 4a,2 5A) (7 - 7 0/<-I A)j 1)

108. The s,:cond equation required for determination of variables H and

Z cpn be obtained again by subtracting Equation 64 from Equation 62.

dH dZ 1 (1- Z) 1/ 2[b - ) + s(H -

dt - -dt A
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Writing Equation 128 in terms of the hydraulic head and separating the vail-

ables yields

,I.- A 2h - - dt (129)

By setting W = h ,Equation 129 transforms to

dW g12dt (130)

2 W2 + w4 2A

Referring to page 67 of Gradshteyn and Ryzhik (1983), integration of

Equation 130 gives

s _(f _____ dW

A7 +A 8± sW2 g 1/2 t + C(131)

(b 2 + 4a 2sAs)1/ 
s

where

1/2

A b- (b + 4c,sA) (132)

and

1/2

A b + -I b 2+ 4() sA(13
F 2 2\ 2s /,

109. Equation 131 can he further simplified as
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S 1 I n A7 + iW (A7s)1
/ 2

(A8 - A7) [21A7 s)1/2 in ( s1

1 tan-1 w)s .1/2 g/2 t + C1  (134)
(As)1/ 2  A 2A

where i is the imaginary number. Transforming back to h and inserting the

value of CI  according to initial conditions, after some algebraic calcula-

tions, results in

n (b2 + 4 a2sAS) + i s(H - Z)Fb - (b 2 + 4a 2 SsA) ]/

in (b 2 + 4_~sA)1/2 (H - Z)[ I - (b2 + 4 sA ) J )
( I b l2 4a2S~~/]12

2 21 ( b 2 + 4 + a s A 112 / 1 2 + ( 2 + 4 a sA 5) / 2j 1/

tan ' 5 (H -Z) / + ~ b 2 + 4a sA ) /2 1/

_-it (b 2 + 4c/2sA (b2 + 4a 2 sAs)

+ in h 1 (b 2 + 4t 2 SAs) /2 + i S(H - z)[1b _ (b2 + 4 a2SAs) 1/2

1/2 
b

b2 2 ( b 2 + 4a 2 sA) - i s(H - Zo )[ - 1 (b + 4,2SA)j

- 2i - b2 + 4cusA) I/ + i (b2 + 4,sA) J

tan _(_ - L + b t 4IsA( 135a)
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b 1 21/2b I110. If we let b =- _ b 4c1sA , and b - +
2 /2 2 2 2  s

(b + 4o2sA S) , Equation 135 can be simply put as

{ + i s ( H - Z ) b u / 2 4 ( h ) 1 / 2 I. F SQ__ _ _ _ _ _ _ _ _ _ a b z 1 /in 0_ _ 2i ta -[s( Z)b 0 [( Z~bo] -/2 (bj' /2 n bLI

-it 1 (b o) (b 2+ 4 .sA ) 112 I -/o Z . b+ J

b s _ _ - s ( H Z 0  1 / 2 b 0 - i I s (H 0  - Z 0) b ] 1/ 2 ,~

-2i (b 1)/
2 tan 1 0 (135b)

The system of Equations 127 and 135 determines the two unknown variables H

and Z .

Nonlinear case

111. The nonlinear case of trapezoidal breach cannot be solved analyt-

ically even for simple specialized coefficients.
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PART VI: APPLICATION AND RESULTS

112. The performance of the BEED model was tested for two historical dam-

failure cases: the man-made earth-fill Teton Dam in Idaho, USA, and the

Huaccoto natural dam on a tributary of the Mantaro River in Peru. The input

parameters for both cases were taken from existing data.

Simulation of Teton Dam Failure

113. Teton Dam, a 93-m-high earth-fill structure, experienced failure on

5 June 1976. On 3 June 1976, leakage was detected at the toe of the dam. By

early morning on 5 June a large leak caused by piping occurred 40 m below the

crest near the right abutment, and by noon of that day the crest of the dam

was breached. The water in the reservoir was almost at full capacity (3.1 x

103 m 3), and the total mass of water was released in approximately 4 hr, pro-

ducing a maximum outflow discharge of 6.6 x 104 m 3/sec. At peak flow, the

breach was estimated as trapezoidal with 150-m top width and slopes IV:0.5H.

This failure event caused $70 million in property damage and loss of six human

lives.

114. The dam had a 915-m-long crest and was composed of mixtures of clay,

silt, sand, and rock fragments obtained from excavations and borrow areas of

the Teton River canyon area. The geometric characteristics of the dam are

given in Figure 18. The reservoir capacity and the spillway and powerhouse-

outlet discharge curves are defined in Figure 19. Figure 20 shows a map of

the flooded area, which extended approximately 103 km downstream to near the

Shelley gaging station on the Snake River. The geometric and physical charac-

teristics of various sections of the flooded area are defined in Table 3 (Ray

and Kjelstrom 1978).

Model calibration

115. The BEED model simulation was started after an initial trapezoidal

breach with sides IV:0.25H developed at the crest of the dam. The slopes of

the dam were taken as IV:3.08H and IV:2.55H for the upstream and downstream

faces, respectively. The initial hydraulic head was taken equal to I m of

water flowing from the trapezoidal breach, where the ratio of bottom width to

water depth was 0.5. The median soil particle diameter was taken as 3 mm, the
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Table 3

Geometric and Physical Characteristics of

Cross Sections of the Flooded Area Between

Teton Dam and Shelley Gage on the Snake River

Distance from Manning's
Station Teton Dam Width Slope Coefficient
Number* km m % of Friction

1 0 300 0.0025 0.032

2 7.24 470 0.0018 0.035

3 10.46 4,400 0.0012 0.032

4 14.20 4,600 0.0027 0.030

5 26.39 10,200 0.0042 0.037

6 36.36 5,200 0.00032 0.042

7 52.45 5,200 0.00076 0.040

8 62.59 3,900 0.0014 u.037

9 71.76 1,300 0.0014 0.035

10 75.95 260 0.0014 0.033

11 90.75 140 0.0014 0.040

12 97.83 200 0.0014 0.035

13 103.30 170 0.0014 0.036

Source: Ray and Kjelstrom 1978. Station locations are shown in Figure 20.

porosity as 0.2, and the specific weight of soil as 2.5 tons (2.3 metric

3tons)/m 3
. Other soil characteris ics were assumed as follows: cohesion

strength 49,000 N/m 2 ; angle of internal friction, 40 deg; and Chezy's coef-

ficient of roughness, 50 m W//sec (Ray and Kjelstrom 1978). The relation for

the Einstein-Brown bed-load transport function for values of I/: higher than

was taken as

1 39.3(-) 2 (136)

The coefficient and the e:ponent in Equation 136 were obtained bv trial and

error, since there are no laboratory or field data in that range of high shear
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stresses. All data required for flood routing were taken from Table 3. The

assumed inflow hydrograph I = I (t) is shown in the following tabulation.
0 0

Time Discharge
hr M3/ sec

0 28.32

0.5 84.96

1 158.59

2 212.40

3 192.58

4 130.27

6 67. 7

8 42.48

10 28.32

27.5 28.32

Simulation results

116. The comuted outflow (Figure 21) indicates that the timing. shap-,

and magnitude of the estimated outflow hydrogrrj' -ompare quite well with the

observed values. The higher peak outflow, total volume, and delayed falling

limb of the simulated hydrograph may be attributed to the fact that the

program continued the simulation until erosion reached the bottom of the dam,

while in reality, the breach bottom terminal elevation was about 14 m above

ground level. At peak outflow discharge, the simulated breach was

trapezoidal, with a top width of 161 m and side slopes of IV:0.675H. This

breach is very similar to the field data breach reported as having a 152.4-m

top width and side slopes of IV:O.5H. After the peak flow, however, the model

estimated a total width of 295 m, much higher than a recorded width of

approximately 200 m.

117. Routing of the predicted outflow discharge produced a hydrograph for

station 13 near Shelley that was sharper and much higher than the one recorded

(Figure 22). The discrepancy can be attributed to the fact that the BEED

model used the values of slope and friction that were given for the flood

channel, and not its adjacent floodplain, which presumably had less slope and

higher friction. Another possible reason for the inaccuracy is the steepness

of the breach outflow discharge, which acted like a shock wave. Improvement

can be obtained either by using a more accurate routing approach, such as the
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Figure 22. Outflow discharge hydrograph at Shelley station

St. Venant system of equations, or extending the Muskingum method to incorpo-

rate two-dimensional flow behavior.

118. To evaluate the dependence of the system on the various physical

parameters, a sensitivity analysis was conducted by changing the input

parameters within certain ranges. The basic characteristics were as

follows:

C = 50 m 12/sec =40 deg

D50 =3 mm p = 0.2

C 49,000 N/m tan 0 = 0.25
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The relative difference in discharge (RDD) is defined as

RDD - b 00 (137)

-("+ Qb)

where Qx is the computed outflow discharge and Qb is the basic outflow

discharge and both were computed as presented in Table 4.

119. Table 4 offers evidence that the peak outflow discharge is insensi-

tive to most physical parameters except the angle of internal friction. The

time of occurrence of peak discharge increases with increasing Chezy's coeffi-

cient of friction. The opposite is true for the median particle diameter,

cohesion, internal friction, and porosity. The side slope of breach at the

time of peak discharge is larger for low values of cohesion, internal fric-

tion, and/or porosity. In general, within a certain dp'ree of accuracy, the

model can be considered as insensitive to variation of those physical

parameters.

120. Special attention should be given to the determination of the ratio

between breach bottom width and hydraulic head and to the expression for the

Einstein-Brown formula. Unfortunately, the data are insufficient to define

these characteristics accurately, and a trial-and-error procedure is required.

Simulation of Failure of Huaccoto Dam

121. On April 25, 1974, a landslide that occurred in Cochacay Creek, a

tributary of the Mantaro River in Peru, created the Huaccoto natural dam. The

landslide material consisted mostly of silty sand and clay with D50 of about

1 n mm, but there was also material in size up to 1 m. The embankment was

170 m in height, and its lateral base length was 3,803 m. The geometric

characteristics of Huaccoto Dam are represented in Figure 23. The dam created
8  3

an artificial lake with a maximum capacity of 8.87 x 10 m . The reservoir

capacity curve is given as Figure 24.

122. Huaccoto Dam failed from overtopping. During the period 6-8 June

1974, the overtopping flow created a channel along the downstream face of the

dam and, in the next 6 to 10 hr, a rapid increase in erosion resulted in
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Table 4

Results of Sensitivity Analysis for Teton Dam

Parameter Value

Chezy's coefficient 30 40 50 60 70
1/2

of friction, m /sec

RDD 5.10 1.00 0 3.60 3.09

Time of peak outflow 0.74 1.00 1.26 1.49 1.73

discharge, hr

Breach side slopes 0.675 0.675 0.675 0.675 0.675
at peak discharge,

IV:sH

Median particle 1 3 5

diameter, mm

RDD 1.39 0 -1.17

Time of paak outflow 1.94 1.26 1.15

discharge, hr

Breach side slopes 0.6. 0.O73 0.b/5

at peak discharge

Cohesion in N/m 2  30,000 40,000 49,000

RDD 0.48 5.55 0

Time of peak outflow 1.42 1.26 1.26

discharge, hr

Breach side 3Iopes 0.811 0.675 0.675

at peak dis.harge

Soil internal friction 30 40

angle, deg

RDD 18.99 0

Time of peak outflow 1.42 1.26

discharge, hr

Breach side slopes 0.811 0.675

at peak discharge

Porosity 0.2 0.3 0.5

RDD 0 0.33 -5.18

Time of peak outflow 1.26 1.04 0.73

discharge, hr

Breach side slopes 0.675 o.675 0.550

at peak discharge
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a final trapezoidal breach of 107-m depth, 200- to 230-m top width, and side

slopes of about lV:lH. The peak outflow discharge was reported to be from 1.0

104 to 1.80 x 104 m 3/sec.

Model calibration

123. The BEED model started the simulation after an initial trapezoidal

breach with sides IV:0.25H developed at the crest of the dam. The slopes of

the dam were taken as IV:1 0 .56H _id IV:12.49H for upstream and downstream

faces, respectively. The initial hydraulic head was taken equal to I m of

water. The ratio of bottom width over hydraulic hee-d was 0.4. The median

p-rLicle size was taken as 15 mm, the porosity as 0.4, and the specific weight

of soil as 2.5 tons (2.3 metric tons)/m 3 . Other soil characteristics were

assumed as follows: cohesion strength, 40,000 N/m 2 ; angle of internal fric-
1l/2/e

tion, '0 deg; and Chezy's coetficient -f friction, 50 m1 /sec (Ponce 1982,

Freau 1984). ,he Einstein-Brown bed-load function for values of I/ higher

than 2 was taken as constant and equal to 360. The inflow hydrograph was con-

sidered to be very small and thus was neglected.

Simulation results

124. The computed outflow presented in Figure 25 shows that the shape,

Lining, 3nd magnitude of the computer 1 yd.ograpb resembled fairly well the one

ohuerved. Her- it should be noted tb-t higher simulated discharge in this

case does not constitute inaccuracy for the model because there are conflict-

3
ing reports of the actual peak discharge ranging from 10,000 to 18,000 m /sec

,'it". a more likely value of 13,500 m /sec. At the time of peak outflow dis-

charge, the r-each had a tcp width of 167 m an,' vidc slopes of IV:l.378.

S1ho)e esil are very close to field reports that give a top breach width of

198 :i and id, slopes ,,of iv:IR. The teiminal breach obtainod y tho simula-

til Wa:i m ,( :p and had a bLtom width ()f 14.61 m. The side slopes were

%.': ./I, odiciting that mas. failures of the breach ;4ide slopes occurred

1/5 ',i i: . .,i r- i o i x 0, thie B5.1[11) ', re torl the u ac , , r: it w i

t t!i, i t / 1 ( Jd- (I (. tl1i(t (TL l Cs-ed 1 0r I t,-.t DP IF ( lti II w.I.1 :-1,t

I;p I l V I * 0 1: 1 - y
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Function OL 154.55 160.00 171.48 211.12 226.27 320.00

f() /1B B 1.05 1.00 0.9 0.6 0.5 0

Peak outflowdsag musec3 81,000 78,015 73,077 68,021 54,861 16,700discharge, m /sec ''

Time of peak outflow 19.34 19.56 19.99 21.85 22.80 27.30

discharge, hr

The sensitivity of the model to the bed-load discharge formula is an indica-

tion of the need for basic research on erosion processes under high shear

stresses.

Analytical results

126. The uncertainty associated with the lumped erosivity coefficient a,

in the analytical solutions and the assumption of a constant water surface A
s

make the calibration of those solutions very difficult. Comparing these solu-

tions with the governing equations of the BEED model, it is evident that the

coefficient o-2  is a function of surface roughness, cohesion, angle of inter-

nal friction, porosity, specific gravity, and water viscosity.

i27. To investigate the benavior of analytical solutions, a limited number

of tests were conducted for the nonlinear case of the rectangular breach. ror

the se tests, a hypothetical dam of Lhe following characteristics was assumed:

initial height of dlam, 1 m; initial breach bottom elevation, 0.90 m; breach

width, 0.2 m; water surface area, 1,000 m ; and erosivity coefficient equal to

0.001 and 0.01 for the first and second cases, respectively. In the first

case, after 100 -;e, the breach bottom eevationi was 0.975 m and the hvdraulic

hfrad w;s 0.026 -,. In the second ca!;e, after 48 sec, the dam had erowded (u,-

p letc, ;m1d the hydrauilic head roceded by maximum (of 0.87 h.

I .,. (:Ilgin , ti water urf ace area f rom 1,)00O to 1M( m, sett ing the

br(I.0 t i (it ) eql:1 I to r). I m, a u--mi ng an in tl t ia I roach hot tom el evati n of

j , tr in , ti. o ir ,l iu I r , 0 (1.1 a1d 11.0r f m p t1 te er 1 '

V in : i! tl , I il t (A , wIk liic t t.< 0, rto ill tIo IeC O,

.i t ' . i I, r I. I .I .



129. Those few results stress the fact that, before attempting to use the

analytical solutions, both the erosivity coefficient a2 and the water sur-

face area should L2 properly calibrated and defined. An interesting result

from the analytical solutions is that peak outflow discharge is obtained at

the time the breach reached its terminal depth. This is in agreement with

results from the BEED model.
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PART VII: CONCLUSIONS AND RECOMMENDATIONS

130. The conclusions obtained from this study can be summarized as

follows:

a. With consideration of both surface erosion and sloughing of the
breach sides due to instability, the BEED model satisfactorily

simulates the processes of gradual erosion of earth-fill dams.

b. The accuracy of the BEED model is comparable to the accuracy of
other existing models, but the physical basis of the governing

processes is improved.

c. The model is not very sensitive to the variations of the rough-
ness coefficient, the median particle diameter porosity, and soil
cohesion. For changes within reasonable ranges of values, the
model produced a relative error in peak outflow discharge of less

than 5 percent.

d. The internal angle of friction of the soil is important for
estimation of peak outflow discharge.

e. Low values of porosity, internal friction, and/or porosity result
in a wider terminal breach.

f. The ratio of bottom breach width over hydraulic head performed
well for values of 0.5 and 0.4 for Teton Dam and Huaccoto Dam,

respectively. However, there is no evidence that the same values

can be applicable for other cases.

The Einstein-Brown formula for values of the dimensionless shear
stress (l/T) greater than 2 is difficult to estimate a priori,
and a trial-and-error process is required. The results are

sensitive to the selection of this function.

h. The peak outflow discharge is obtained when the breach reaches

its terminal bottom elevation.

i. Sloughing of breach sides may occur even after the occurrence of
peak outflow discharge.

j. The routing part of the BEED model overestimates the discharge
hydrograph , downstream stations. This may be attributed to the
fact that the breach outflow hydrograph is very steep and acts

like a shock wave. Also, two-dimensional effects of flow over
the floodplain might contribute to the discrepancies.

131. Based on the experience gained from this study, the following recom-

mendations for further study are given.

a. hxtension of the BEEI) model to include options of other sediment
transport theuries, such az; Schoklitsch, Meyer-Peter and Mueller,
and the Bagnold power method.

1. Application of the BEB) model to as many historical cases as pos-
sible for estimation of the range of phy ical parameters, and
determination of the optimum technique tor sediment transport

processes.
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C. Calibration of the analytical solutions according to data
obtained from simulation of the BEED model.

d. Extension of the routing part of the BEED model to incorporate
two-dimensional flow along the floodplain.

e. Extension of the BEED model by coupling flood routing with
sediment routing along the downstream channel.
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APPENDIX A: USER'S MANUAL FOR BEED-I MODEL

1. The BEED model has two versions: BEED-I is written in FORTRAN 77

language and is intended for use in mainframe computer facilities, while

BEED-II is written in ZBASIC and is suitable for Zenith Z1O0 microcomputers.

Both versions contain the same computational elements, and their objective is

the same. However, version II may impose memory storage limitations, while

its efficiency measured in CPU time is 30 to 60 times less than version 1.

2. The program consists of the MAIN program and six subroutines:

a. MAIN program includes the iterative algorithm for estimation of
water surface level H2 and breach bottom elevation DZTI. It also
contains computations of the discharge QTT at the vario,,s down
stream channel cross sections during flood-routing processes.

b. Subroutine COVOL computes changes in reservoir water volume

capacity.

C. Subroutine COQSOI estimates spillway outflow, powerhouse outlet
outflow, and inflow discharge.

d. Subroutine COQBV estimates bed-load sediment transport in volume
per unit width and unit time, using the Einstein-Brown formula.

e. Subroutine COY2YT calculates water depth at the taiiwater section
by using the Newton-Raphson or a fixed-point iteration algorithm.

f. Subroutine COQB2 estimates reduced discharge coefficients for
consideration of submerged flow conditions.

.a. Subroutine COATW calculates cross-sectional area and top width of
flood channel computational segments.

Input Data

3. Input characteristics in both versions are the same. Of course, the

FORMAT statements of BEED-I do not apply to BEED-Il. For consistency, how-

ever, it is suggested that the same format structure be used for both

versions. Input data are divided into groups;. Each group contains certain

variables, as described below.

a. (;roup I.

(1) tPhysical characteristics and properties of dam.

Ci, DS, (P , p, NIU, PHI, COP - Format (4F8.4, Fl1.7, 2F10.2))

(;t: Chezy's coefficient of friction for the breach in

m /sec

Al



DS: representative value of dam material diameter (usually

D 5 0 ) in meters

SR: relative specific weight of dam material (Y /y)
5

P: soil porosity

NIV: kinematic viscosity of water in m 2/sec

PHI: angle of internal friction of dam material in degrees

COH: cohesion of dam material in N/m
2

(2) Geometric characteristics of dam.

LB, LT, LC, HTD, HB - Format (5F10.3)

LB: longitudinal length of the base of dam in meters

LT: horizontal projection of upstream slope of dam in
meters

LC: longitudinal length of dam crest in meters

HTD: ;Leight of dam crest in meters

HB: elevatio, of dam bottom in meters

(3) Initial conditions of dam-breach computations.

HIT, ZlT, Z2MIN, DTB - Format (4FI0.3)

HlIT: initial water level in the reservoir in meters

ZIT: initial elevation of breach bottom in meters

Z2MIN: minimum permissible breach botiom elevation (usually
Z2MIN = HB) in meters

DTB: basic time step for breach erosion computations in

seconds

(4) Breach erosion characteristics.

LlMIN, SEC, EXPO, X, ZT - Format (5FI0.3)

LIMIN: minimum longitudinal horizontal length of breach bottom
at the top of dam in meters

SEC: coefficient of sediment transport function (i.e., ¢ =

sec(I/f) EXPO

EXPO: exponent of sediment transport function

X: initial ratio of breach bottom width to initial

hydraulic head

ZT: Initial side slope of breach section

(5) Choice of iterative algorithm.

NOF] - Format (12)
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NOFI: If NOFI = 0 , -he Newton-Raphson algorithm is used for
computation of normal depths.

If NOFI = 1 , the fixed-point iteration is used for

computation of normal depths.

b. Group 2.

(1) Computational time characteristics.

TSIM, DTR - Format (2F11.7)

TSIM: time of simulation in hours

DTR: time interval for flood routing in hours

(2) Computational distance characteristics.

DXMIN - Format (F]0.3)

DXMIN: maximum permissible channel reach distance in meters

Note: If distance between two consecutive stations is

greater than DXMIN, the program generates
intermediate sections until that condition is

satisfied.

(3) Flood channel geometric and physical characteristics.

BV(I), ZV(I), CHV(I), NMV(I), SV(I), DIST(l), PRT(t) -

Format (3F10,2, 2F10.5, F10.2, F4.1)

Note: This card is repeated until all sections are input.
The last card may say 9999.0 for BV(l) and 0.0 for
the rest. The first section is used for the
tailwater-effects check immediately downstream of the
dam.

BV(I): charnel bottom width at section (I) in meters

ZV(1): channel side slope at section (I) in m/m (the channel

is assumed symmetrical)

CHV(l): Chezy's coefficient of friction at section (1) in

mi /sec

NMV(t): Manning's coefficient of friction at section (1)

Note: Only one coefficient of friction can be specified.
The other must be set equal to 0.0. All sections
must have the same coefficient of friction.

SV(I): channel slope at section (1) in m/m

I)IST(T) : distance from dam to section (1) along thOe channel in
meters

PRT(1): parameter to specify whether hydrograph (t section

(1) will be printed; if yes, PI'R ) = 1; if not,
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(4) Flood channel initial conditions.

QTTLS - Format (F1O.2)

QTTLS: assumed initial discharge at the last section in

m /sec

Note: Initial discharges at the rest of sections are
defined by interpolation between initial total

discharge from dam HYD(l) and QTTLS.

c. Group 3.

(1) Reservoir characteristics.

HVL(I), VOL(I) - Format (FlO.2, F15.2)

HVL(l): reservoir water level associated with stored water

volume ir meters

VOL(T): volume of shored water when reservoir water level is

HVL(1) in m

Note: Maximum number of data, including last card, is 20.

Last cazd must say 9999.0 for HVL(l) and 010 for
VOL(I). First card must correspond to dam bottom

elevation.

(2) Spillway characteristics.

HSP(I), QSP(I) - Format (2F10.2)

HSP(I): water elevation associated with spillway outflow

discharge in meters

QSP(1): spillway dischacge at water clevation HSP(T) in
3

m /sec

Note: Same comments as in (1).

(3) Powerhouse outlet characteristics.

HOV(I), QOV(l) - Format (2F10.2)

HOV(T): water elevation associated with outlet discharge in

meters
3

QOV(I): outlet discharge at water elevation HO(I) in m !sec

Note: Same comments as in (1).

(4) Inflow hydrograph characteristics.

TIF(I), INF(l) - Format (2F10.2)

TIF(T): time associated with inflow discharge in meters

INF(1): inflow discharre at time TIF(1) in mi/sec

Note: Maximum number of data, inciudinp last card, is 70.

last card must sav Wtj9.0 for TIFK) and o*(1 for

INF().
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Output Data

4. Output data are outlined below.

a. Part A - Basic Data.

DTB: basic time step for breach erosion computat;on in

seconds

DTR: time intervdl fur fl.uod cuuLin' iin hours

SEC: sediment transport equation coefficient

EXPO: sediment transport equation exponent

CH: Chezy's friction coefficient for the danm in r /sec

DS: dam material particle diameter in meters

PHI: internal friction angle of dam material in degrees

COH: cohesive strength of dam material in Y/m?

ZT: initial side slope of breach section in m/m

X: initial ratio breach bottom width ov-r initial

hydraulic head

HIT: initial reservoir water elevation

ZlT: initial breach bottom elevaticn

DXMIN: maximum distance for routing sections

b. Part B - Breach Erosion Simulatlon.

TT: time in hours

QB2: breach outflow discharge in m isec

H2 (RFL) : ratio (H-?-HB) / (HIT-HB)

Z2(REL): ratio (72-i1B)/Z1T-1H1)

BRHI: breach section depth = HTD-,2 in meters

B2: breach bottom width in meters

B2T: breach top width = R2 + 2.O * 71 * F11 in eterc

c. Part C - hiydrograph at Damsi te.

T: time in hours

QIT: total discharge P2 :7 :,l V s

d. Part I - Flood Pouting.

': time in hours

1 ,2 .: sectioins -olung thq channell reach -t %,Ii[h tIlv
h,drograph OTT' {m /sec) is printed

TT : I a g t ime , k o t I ;o raph at ;I c(h setC t

• I w I" " ,:



APPENDIX B: LISTING OF REED-I COMPUTER PROGRAM

ISN I REAL HVL (2 01 ,VCL (20) #HSP (2C 1 9QS Pr'2 HUf '10)t (e
1 TIF(201 INFl2C) TF N Hri~V3.n
2 QIN(30O0I) 0TT166)64) P( bV~hfV6)
3 NMV!600) V60, S (60)f'T((,OO-),
4 QTTPT(5Cj ,~iJLJ?LfPLT,I C,KLlL?,LSSIL ,SI~:,,4
5 LHSINms Ki
6 TTTR(606) iTTp('53)

[SN 2 INTEGEP SLUAM,MPFST(5")

C
c P R 0 G P A t4 ~ F ri

C- V F P S I r, N F C, P T P A 11 7 7 -

C

C

C M A I ~J P F r G p A
C

C F 0 P M A T S
C ***************** **
C

[SN 3 10 FORMATW4F 4 FJl.712F'j'.2)
[SN 4 15 FORMAT( 5F15.A)
[SN 5 20 FORMAT(4F10.3)
[SN 6 25 FORM AT (5F1 0.3
[SN 7 30 FORMAT( 12)
[SN 8 35 FORMAT(2F'1.7)
[SN 9 37 FORMAT( F10.31
[SN 10 41) FORMAT(3FI0.2,2F10.5,F1O.?,F4.I)
[SN 11 42 FORMAT( F10 .2)
[SN 12 45 FCR'4AT(FI0.2 F15.2)
[SN 13 50 OM1F5
[SN 14 100 FORMATt * 1:4X~ DTP (S= IF 10. 195)(9 D 7 H UI=F-P10.6
[SN 15 105 FORMAT( 5 X ISH= I, F7.lt,X, I XPCj=', F7. 1, 5X, 'CH=Er

1 5X,'DS=',FA.5)
[SN 16 110 FCRMATIr)X *

I5XIX=i 52
ISN 1T i1l FORMAr(5x?'Hlr=.,F19.3,5X,'7lr=',r1o.3)
ISN 18 112 FORMAT(5X , 'OXMI IN,F1O.3)
ISN 19 113 FORMAT(*') v4X 9'FiPFAC:H FRCS ION S I MULN'TI1CM 1
[SN 20 115 FORMATI IX
[SN 21 120 FQRMATI'q,3XOqTT (H) I,3XI:0,32

I 3Xs,Z2(PEL)',2X, RPIT (M',4'R2 t),~,0 ()
ISN 22 13') FORMAT(IX,1?FIC.?)

BI



ISN 23 145 FOQMATIJXIZT NEW=' F6.1)
ISN24 15 DMT 'lx'HD RGAPH AT T~r -)A1 - IT'

ISN 25 155 FaRMAr(*':6( X,'T (H)1,2X, IQTT (y3/S)',?<))
(SN 26 165 F OR MAT (6 (3X, F5 .2, F11 .2,2 X )
ISN 27 170 F RIA AT 1011I ,X I IF LDD P(U T I.'
ISN 28 175 FQRMAT(v0',4X,'T (H)' ,19X 'QTT (Y/)AT ITA' f

1  '
ISN 29 180 FORMATI '0' 1OX9ie( i11,IXI)
ISN 30 190 FORMAT(lX,I 8.3,4X,10(F1').1,1X))

C

. D AT A p p nC rS 5 NGc
C

TSN 31 465 READ( 5p 1O)H, DS,SF P IN U,P,4! rr(H
ISN 32 READ(5 15)LB,LT,L I HTD,HP
ISN 33 RE AD (5: 20) H 1T , 71T 12'AI N, fitP
I SN 34 READ(5,251Ll1NSECEXPC,x(,7T
(SN 35 READ(5,130) N(FLI
ISN 36 REAQ( 51351 TSIMDTF
(SN 37 c READ(5,371OXMIN

C R EAD DATA FOR. FLOOD PPOUT ING~ VD :)EFFINF
C [NTERMEDIATE SECT!CNS
C

(SN 38 J1l
ISN 39 READ(5 4O)BV(J),Z"t(J),CHV!J) ,;JAV(JbS V(j,,t)T TrJi,

1 PRTLA
ISN 40 47) READ(5,40)8V2-,ZV2,CHV2,NMV2, --v,l JT?,P'T?
ISN 41 IF(BV2.EQ.Q'P'09.0),rP Tr 460
(SN 42 IF(DIST2-D!ST(J).GT.D)XMlIN)Tlir
ISN 43 NINT=(DIST2-ETST(Jfl/XM1J+l
ISN 44 ELSE
ISN 45 4I NT= I
(SN 46 ENDIF
ISN 47 Jl=J
ISN 48 JT=J+NINT-1
ISN 4q k- 'LOO0 J=jl,j
ISN 50 8V(J+1)=rw(jl).(BV?-BV(jfl)*(J+-jl)/qft

T

(SN 51 ZV(J+l)=ZV(Jl)+(ZV2-ZV(Jl) )*( .J+1-JJ lit:uvI
(SN 52 C HV j + I) =CJV (j1 ) + fCI V 2C HV (j ) ) * ( j+ I- j I)1 f; T

ISN 53 NMVIJ+1)=N4MV(Jl)+(Nmv2-Nllv(jl) )1~j+i-JI)/rI Ti
(SN 54 SV J 1= V J ) ( I2 S (J ltJ I j )tl

ISN 56 PPRT(J+1.)=0.0"
ISN 57 1000 CCNTINUE
ISN 58 PRT(JT+1)=PPT2
(SN 5q J=Jl+NINT
(SN 60 GO TO 470~
(SN 61 460 NS=J

c
C READ INITIAL DISCHAF-GE AT LAST 'ECTICI',
C

(SN 62 c REAO(5,42)QTT.S

C READ VOLUME STCPED By THE RESEPVU11
C
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ISN 63 1=0)
ISN 64 540 1=1+1
ISN 65 READ (r,45)H'L( 1) V(L (I)
I SN 66 c IF (HVLl 1) .NE.QcQ ~.0 10C T- c;4

C READ SPILLWAY DIS-FAPGEi
C

ISN 67 1=0
ISN 68 560 1=1+1
ISN 6c) RFAO(5150)HSP(1)4QSP(I)
ISN 70 C F(HSP 1).NE.QQq9.QJGP TO 560J

C READ OUTLET DISCHARGE
C

ISN 71 1=0
ISN 72 580 1=1+1
ISN 73 READf5t50)HflU(i),QnU(1)
ISN 74 IF(HOUJ I).flE.9qQ'n.0)GG TC 531

C
C READ INFLOW HYDROGRAPH TfO THE PE5EFPV?1P
C

ISN 75 1=0
ISN 76 600 1=1+1
ISN 77 READ(5,5(0)TTF(I1 TNF(T)
ISN 78 IF(TIFll).NE.qq94.OJCTC 6(Vn

C
C PRINT HE6.DINGS
C

ISN 7QWRITE(6tl00)DTROTR
ISN 80 WPITE(6,I05)SECEXPNl~H~flS
ISN 81 WpITE(6 IlOJ)PH I ,Hi, T, X
ISN 82 WRITEI6,111)HlTZIT
ISN 83 WR IT F(6 v 112 )DbAIN
ISN 84 WRITE(6,113)
TSN 85 WRITE(691151
ISN 86 WRITF(6,1"1'?
ISN alWR I I E6,115

C
C ******************* ***** *-.

C
C BPEACH EROSION SIm',JLATflrN
C
C ******************** **~*~*~

C

C Ij I T I A L V A L UES

C
C, TT = TIME
-- DTB = BASIC TIME IIITERVAt
C DT = VAR1AgLE TIME INTERVAL
C DZL = BPEACH EROSION AT THE TOjP rF THE [lAq ')UPI'V 17
C DZ2 = BREACH EROS!EN AT THE DflWNSTPEAM FACE D)IFINC PT
C DZTJ BRSEACH CEPTH AT THE TrP
C D7T2 =BREACH DEPTH AT ThVF rcwjSTPF~'F FACF
C H2 = ESERVOCIP LEVEL
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C Z2 = BREACH BOTTOM LEVEL
C AA = UPSTPEAM FACE ANGLE WITH THE Hff 17fTAL
C B8 = DOW.NSTREAM FACE ANGLE WIT~j THE HPR!ZrNTAI
C K = EINSTEIIJ-BPOWN'S EQUATT(N COEFFICIFNT
C A = DUMMY VARIABLE USED Tr COMPUTE R2
C B2 = BREACH BOTTOM WIDTH
C IIYD(JJ= OUTFLOW HYPROGRAPfI
C NT NUMBER CF TI ME STEPS USED Frn HVDi j)
C

ISN 88 TT=0.0
ISN 89 DZ1=0.0
ISN 90 DZ2=0.0
ISN qlH2=H1T
ISN 92 Z2=ZlT
ISN 93 DZTI=HTD-Z2
ISN 94 DZT2=HTD-Z2
ISN 95 AA=ATAN ((HTD-HB )/LTP
[SN 96 BB=ATAN((HTD-HR/(LB-LT-LC))
ISN 97 K= 36. 0*NIU*NI U/ ().8*PS** 3* S4- 1))
ISN 98 K=SQRT(2./3.+K)-SORT(K)

C
C COMPUTE SPILLWAY,OUTLCT & INFLCW DISCHAPGFS
c

ISN 99 CALL COQSOI (H29QSP2 14S P, SP, QfU2 HCjr)CU, TT IT I-,
I INF)

ISN 100 QMAX=.O0l0
ISN 101 A=H2-72
ISN 102 B2=X*A

C
C COMPUTE Q82 AND CHECK FOP TA! [WATPP EFFECTS
C

[SN 103 B2S=BVII)
[SN 104 ZS=ZV(1J
[SN 105 CHS=CHV(1)
[SN 106 NMS=NMV(1)
[SN 107 SS=SV(1)
[SN 108 CALL COQ82(HQZ2,2ZT,lF1,Fl2S,?5S,CHSNJMS, SS,()P21

I Z2I4IN ,SUBMQOU2i,SP?,HF3)
[SN 109 NT=3600*TSIM/DTR
ISN 110 QTT2=QS P2+QOU?+Qt32
[SN ill HY(lI)=QTT2

C
C LOOP TO COMPUTE HYO(J) -BEGINNING
C

[SN 112 00 1482 J=1,NT
C
C********************
C VALUES FROM LAST ITERATICN
C
C COMPUTE BREACH BOTTC4 WIDTHl

[SN 113 1035 IF(H2-Z2.GT.A)A=ti2-72
[SN 115 82=X*A
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[SN 116 IF(0MAX.LT.CB2)QMAX=Q3Zl
[SN 118 DT=DTB
ISN 11.9 Hl=H2
ISN 120 Zl=Z2
[SN 121 DZTI=DZTI+OZI
[SN 122 07 T2=DZ T2+DZ 2
[SN 123 CALL COVflLfH1,Vf]l,HVL,Vf3L)
[SN 124 QBI=QB2
[SN 125 C QTTI=QTT2

C IF Q82/QMAX.LE.0.005vnEFINE QB2 Ry lINTFRPCLATCN~ Atm 00
C NOT COMPUTE DZI,0Z2.
C

[SN 126 IF(QBI/QMAX.GT.3.005)GG Tf", 1055
[SN 127 QB2= .0005* QMAX+(QB1- .0005*iA X )*(3f,00C*TSI M-TT-DT )/

1 (3600* TSI M-TT)
[SN 128 H2=-Z2+(QB2/(1.45*B2))**(2./3.1

C Ul=WATEP VELOCITY AT T HE TCP rF THE DAM
C

ISN 129 U1=QB2/t1B2+ZT*(H2-Z2)l*(142-72))
ISN 130 GO TO 1280
ISN 131 1055 IF(DZT1,GE.HTD-Z2'IIN)THFN
ISN 132 DZT1= HTD-Z2M IN
ISN 1.33 GO Tr 1130
ISN 134 ENDIF

C
C L1=BREACH LENGTH AT THE TUP OF THE DAM
C

ISN 135 LlL+Z1(/AlA8+JTNB3)DT/[(F
[SN 136 [F(Ll.LT.0.OITHEN
[SN 137 L 1=L1IMI N
[SN 138 DZTI=(L1-LC.+DZT2fSlN)(RP))/(1/TAN(AA)1/TA(P))
[SN 139 ENDIF
[SN 140 [F(DZT1.GE.HTD-Z2MIN)THEN
[SN 141 DZT1= HT 0-72ti I
ISN 142 11=0.0
ISN 143 DZTS1 I1(fBB)*(LC+7T1*(l/TAN,(AA)l/TAN(8Bfl-L11
[SN 144 ENDIF

C
C L2=SREACH LE?'GTH AT THE DOWNSTPENM FACE
C

[SN 145 L2-(HTfD-HB-DZTl)/SIN(BBH
C
C********************
C LCOP TO COMPUTE H? -BEGINNING
C *************** *****
c

[SN 146 1130 H27-142
C
C ******* ************
C LCOP TC COMPUTE 171 -BIEGINNING
C ******* ************
c

ISN 147 1141 OZ=DZI
I SN 148 Z2=HTD-D7T J-DZ 1
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[SN 149 lF(Z2.LE.Z2MlN)THEN
[SN 150 Z2=Z2MTN
[SN 151 Q BVI= 0.0
[SN 152 OZL=0.0
[SN 153 QRV2=0.0
[SN 154 0Z2=0.0
[SN 155 GO TO 3230
[SN 156 ENiD!F

C
C COMPUTE QB2 AND CHECK FOR SU~tAEPrFNC1
C

[SN 157 B2S=BV~l)
[SN 158 ZS=ZV(1)
[SN 159 CHS=CHV(1)
[SN 160 NMS=NMV(l3
[SN 161 SS=SV(1J
[SN 162 CALL COQBZ(H2 Z2,B32,?TNOr1,R2s~StlS.,NMS,SStr P2,

1 Z2M[NtSU8P0,Q0)U2vSP2,-J)
C
C DETERMINATION OF D)Zl
C
C

C COMPUTE SFD[MENT DISCHARGE (VOjLJMC BASIS)
C

[SN 164 CALL COQB~fU1,SRCH,DS,FSI 1,SFC,EXPP,,OPVI,K)
ISN 165 IF(Z2.NE.Z2MIN)G6 Tr, 11,90
[SN 166 QBV1=O.0
[SN 167 DZ1=0.0
[SN 168 GO TO 1210
[SN 169 1190 DZ1=QBV1*OT/(L1*t1-P))
[SN 170 IF(OZI.LE.1.O)GO TO 1210
ISN 171 DT=DT/10
[SN 172 GO TO 1190
[SN 173 1213 [F(ABS(CZI-CZI.GT.0.00)5lGO Tfl 1141)

C

C LOOP TO COMPUTE Wl -ENO

C
C **************
C COI4PUTATICN CF fl"

[SN 174 3230 IF(ABS(HI-H21.LT.0.OIJTHEN
[SN 175 HSV=Ii-2.)
[SN 176 ELSE
[SN 177 HSV=H2
[SN 178 ENDIF

C
C COMPUTE VOLUME STORED By THE RESFPVn[R
C

[SN 179 CALL COVOIAHSVV012ipHVLVCLl
C
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C COMPUTE SPILLWAY,0UTLET & INFLCW DISCHARGES
C

ISN 180 CALL COQSOI(Hf2tQSP2,iVPQSPQOU2,HiC3 QCIJ,TT+i-VT, !NF2,
1 TIFPINF

C
C COMPUTE QB2 AND CHECK FOR TATLIATFP EFFECTS
C

[SN 181 B2S=BV( 1)
[SN 182 ZS=ZV( 1)
ISN 183 CHS=CHV(l)
iSN 18't NMS=NMVUIl
[SN 185 SS=SV(1J
ISN 186 CALL COCB2(ri'z Z2,B2,ZT,NO1,3S,ZSCS JP')Str)E2,

I Z2MIN tSUEBMrQ U2,QSP2,HB)
ISN 187 H2=lD*.*IF+N2QT-~r-(12C')-HV11

1 /(VOL2-V011)
ISN 188 IF(ABS(H2C-H2J.L.0.005fGrj TO 1270
[SN 189 H2=H2C
[SN 190 GO TO 3230
[SN 191 C1270 IF(ARSfH2-H2T).GT.0.01)GC TOl 113)

C
C LOOP TO COMP(ITE H2 -END)

C
C ************** *****
r DFTERFMINATIPN OF 0Z2
C *****s~i*~*********
C

LSN 192 IF(SUB'4.EQ.1)THEf)
[SN 193 U2=0.0
[SN 194 ELSE
[SN 195 Sr=( HTD-HR)/ (LB-LT -LC I
[SN 196 ZD=ZT*DZTII/OZT2

C
C COMPUTE Y2 AND U2 ALONG THlE De'iNST()FA'i FACE CC TH'l f)t
C

[SN 1-97 CALL COY2YT(N4OFl,12,ZDCUO(.jVSO, p?, V2)
[SN 198 U2=QB2/((82+7D*Y2)*Y2)
[SN 199 ENDIF

C
C COMPUTE SEDIMENT DISCHARGE (VOLIUMF RASTS)
C

[SN 200 CALL COQ,9V(tt,?SRC,nS,FS12,SFr,uXPP, )PV?,K)
[SN 201 IFfZ2.LE.Z2&4!N)THEN
[SN 202 U2=0.0
[SN 203 QBV2=0.0
[SN 204 DZ2=0.0
[SN 205 ELSE
[S-N 206 DZ2=QlV2*DT/(L2*(1-P))
[SN 207 ENDIF

C
C PRINT RESULTS
C

[SN 208 1290 TT=TTI.DT
[SN 209 QTT2=QSP2+0001U2.Ql)
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ISN 210 TTH=TT/3600
[SN 211 RH2= (12-HB)/(II IT-HR)
[SN 212 RZ2=(Z2-fiB)/(ZJT-HB3
[SN 213 BRHr=IiTD-Z 2
[SN 214 92T=B24+2.0*7T*f3P 1T
[SN 215 c WRITE(6,130)TTH4,QP?,PHf?,P72,R'QHT,32,P2-T

C

C DETERMINATION OF LATERIAL SUIPF
C

[SN 216 IF(QB2/QMAX.LE.n.OO)5)CC TV- 147)
[SN 217 AP=ATAN(1/ZTI
[SN 218 1355 AP=AP-5/57.29578
[SN 219 IF(AP)1470#1360,1360
ISN 220 1360 LSSI=(H-TD-Z21 *( 1fTAN(APJ-7Tl
ISN 221 L SS2=fHlT-Z2)*( 1/TAN(AP)-ZT)
ISN 222 LSS3--(H2-Z2)*ZT
[SN 223 H4=LSSZ*(HlT-f12)*TP.(AP/(H2-Z2(HIT-12),(J-ZTtz

1 TAN(APf)
ISN 224 AI=0. 5* (L 55*(HTD-Z2)-LSS2*(HlT-Z2))
[SN 225 AZ=0.5*LSS2*H4
[SN 226 A3=0.5*LSS2*(HlT-Z2)'-A2
[SN 227 A4=O.5*L SS3*(HlT-H2-H4)
[SN 228 FG=9800*(SR*A.(SR*PJ*42+(SR-( 1-P) *A3-A4)
[SN 229 H40*f1H2*HZ)
[SN 230 NOPM=FG*COS(AP)-FH*SIN(AP)
[SN 231 [FfNfRM.LE.0.O)NORM=0.0
[SN 233 LH-FG* SIN (AP) +Fi*COS( AP)
[SN 234 RHS=NfIRM*TAN4(PHI/57.219578)+COH*U'TO- Z?)/IN(A')I
[SN 235 IF(LHS.LE.RH-S)GGO TO 1355
[SN 236 ZT=1/TAN(AP)
[SN 237 WR[TE(69145)ZT
[SN 238 1473 IF(J*,)TB.GT.TTIGC TC 1035
[SN 239 HYD(J+u)=gTT1+(J*OTB-TT+DT)*(oTT?-QT)/lT
TS;N 240 1482 CCNT!N'.E

C
C LOOP TO COMPUJTE HYD(J) -U-Nr)
C

[SN 242 WRITIE(6,1551
[SN 243 WRITE(6i115)
[SN 244 NTT=NTI4
[SN 245 no 1504 J-1 tjTT
[SN 246 THyfl(J)=lJ-1)*DTB/36n3
ISN 247 1504 CCNTINUE
[SN 248 c WRITE(6,1651(THYP( JIHYD U) ,J=L,N)TT)

C

C F L 0 0D P'CJT IN C,
C
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C PRINT HEADINGS
C

ISN 249 503 WRITE(6,170)
ISN 250 WRITE(6,175)

C

C INITIAL CCNDITIONS
C ********************
C
C HYDROGPAPH IN SFCTION I
C

ISN 251 NP=TSIM/DTP
iSN 252 1=2
ISN 253 DO 155) N=1,NR
ISN 254 1=1-1
ISN 255 1545 IFIDBN30*T.i.Ornlr Tr 194-7
ISN 256 1=11
ISN 257 3C To 1545
ISN 258 1547 QlIN(N)=HY iT)+(HYD( I+d)-HYD( I) *(N*-36OrO)DTP-(I I)

1 *OTBI/0TB
[SN 259 1550J CONTINUE

C.
C DEFINITION OF THE SECTICNS Tfl BE f9PINTED
C

[SN 260 M4=1
ISN 261 DC 165(0 J=lNS
ISN 262 IF(PRT(J).EQ.O.O)G( TC 1651
ISN 263 MPRST(M)=PRT(J)
ISN 264 M=Po"1
ISN 265 1650 CONTINUE
ISN 266 MT=M-1
I SN 267 WRITE (6,180) fMPPS T (M )tM=l1, -OT)
ISN 268 WRITE(6v115)

C
C IN~ITIAL DISCHARGE AT EVEPY SECTI(t) (LINEAR TED PFrLAT I -,)
C

ISN 269 Dfl 1680 J=1,NS
ISN 270 QT(,)QTS(Y'(1rTLS*rSj/rSi
ISN 271 Q TT( J+l 2) -Q TTL S(H YD ( II- QTTL S) *UtS -J - I)(t."I
ISN 272 QMAXM(Jl=0.O01
ISN 273 1680 CONTINUE

C
C ********************
C LOOP THROUGH TSIMl - Fr. I NNI N(,
C *******************
C
C ALPHAI=KINEMATIC WAVE APPROXIMATIC'N COErFVIPI'T A,
C, SECT IONS (J 9N) AND (J pt+l)
C ALPHA2=K INE MAT IC W AVE APPr (X[IY 'rI rJN ,rIEF FI CI Fli TIT
C SECTION (J+10N)
C BETHA= KINEMATIC WAVE APPPrEXIMAT~nN EXPiNFNIT
C CA=FLOC WAVE CELEPITY AT SECTIPN 1J,N)
C (.B=FLCOD WAVE CELEPITY AT SEr'Tl (j,N+1)
C CC=FLCO WAVE CE[EPITY AT SECT I(N) (J+1,NJ)
C

ISN 274 DOf 1<i60 4=1,tp
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ISN 275 QTT ( 13 ) =)IN(N)
ISN 276 NST=NS- I

C
C *************
C LOOP ALONG CHANNEL -BEGIN'NTNfr
C *******************

C
[Stj 277 DO 1990 J-1 NST
[SN 278 IF(NMV(J).E ).).O)TfIFN
[SN 279 ALPHAI=C-HV(Jl*S.QPTi5V(jJ
[SN 280 ALPtIA2=CHV(J+1)*SOP-T(SV(J+I))
[SN 281 BETHA=1.5
[SN 282 ELSE
[SN 283 ALPHA1=SQRT(SVCJ) /N'4V(J)
[SN 284 ALPH-A2=SQPT( SV(J+flI/NYV(J+l)
[SN 285 BETHA =9. /1.
[SN 286 ENDIF
[SN 287 CA=BETHA*ALPHA1**(1.0/PETHA)*('2TT( j,?l/-V(jl)

1 ** ( BET HA-1. 0 )/BFTIA )
[SN 288 CB=SETIIA*Ai.PH4A **( I.')/BETtiA )1TT( J. ) /RV( J)

I **((BETHA-I.0)/BETHA)
ISN 289 C(= EH * LfA * t . / EIII ('~ j l ? /I I+ )

1 B* ET HA- I 11/1f ETHA
C
C COMPUTE Ft OCr) WAVE CEL [PITY A~ln UNIT 41[PTH 3?T fIA r(-,;

C
[SN 290 C=(CA+CB+CC)/3.l
[SN 291 QV=(QTTfJ 2)/BV )rT(,)IVJ+TTJ+I,?)f

I BV(J+1)1/3.C)
C
C COMPUJTE PAPAMET[RS FriP "S'NU4ME~firr
C

[SN 292 [F(C.EQ.0.0)THEN
[SN 293 QTT(J+l,3)=QTT(J+lt2)
[SN 294 ELSE
[SN 295 Kl=([P!ST(J+1)-[lIST(J))/C-
[SN 296 X=0.5*(1.0-2*QM/((SV(i)+SV(J+1 H*c *(nl[STiJ+I)

1 -D[ST(Jl)l!
ISN 29? IF(X.LT.O.D)X=(X0O

C
C COMPUTE COEFFICIENTS

ISN 29.9 C4=3600*DTP/Kl+2.)*fl-X)
ISN 300 Cl=(3 6')O*DTR/KI+2.O*X)/C4
ISN 301 C 2=(3630*0TR/K1 -2. C*X) /C4
ISN 302 C3=(2. *]-)30),r/Y4)/C(,
[SN 303 QTT(J+1,3))=C 1*QTT(J,2)+C2* QTT(J,3) +C3* 7TT(J.[ .2)
ISN 304 [F(QMiAXm.(J+1).LT.QTT(J+1,31 QM .\XM(J.1)=()TT(J+I ,2J
ISN 306 !F(QTT(J.1 ,3).LT .1.0 jTf4PN
ISN 307 PPINT*,'J-1 'j
ISN 308 Pp INT*, DISfJj)-'jDI ST(J)
ISN 309 PRI NT* , QT T (J +I t=' ,Q)TT(J+1 ,7)
ISN 310 PP[t*,SMonTFY SPACF AN9f/fJQ TT-F INTFPV LCE'
fSN 311 STOP
[SN 312 ENDIF
[SN 313 Fpi
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ISN 314 1890 CONTINUE
C
C ******S~*~~

C LOOP ALONG CHANNEL -Efir

C CTRAv=IF'EAN WAVE CELERITY
CTTPAV=ACCrjMULATErl TIMr f T04Vri -r rHr- w4V'

lSN 315 TR=N*DTR
ISN 316 M=l
[SN 317 DO 1920 J=l NS
I SM 318 1 F (PRT ( j. EC.r).0 )Gr) TV CIn2n~
ISN 319 QTTPT(P%=CTT(J,I)
ISN 320 P4=M+1
[SN 321 1Q 2)C CNTI NUJE
ISN 322 MT='4-1
ISN 323 WRITE(69190)TP,(QTTPT(M),4=lr"'
[SN 324 flC 1q40 J=1,PIS
[SN 325 T(J,1 )=QTT(j,2)
ISN 326 CON (t2)QTTJUl
ISN 327 1940 CONT(J,1)
[SN 328 19c;0 CONITINUE
ISN 329 TTTRC1)=O.0
[SN 330 DO 2100 J-1 NST
I SpN 331 CT VRFTA QPT(IV ))/"(JI r PFT

ISN 332 TTPAV(J+1I=(tP1ST(J+11'0[ST(Jl)/TP.IV
ISN 333 TTTR(J.1J=0.0
ISN 334 2100 CONTINUE
ISN 335 DO 2300 J-1 NST
[SN 336 DO 2400 1=iJ
ISN 337 TTTP(J~l =TTTRiJ+1)*TTPAV(1+1)
ISN 338 2400) CON T NU E
ISN 339 2300 CONTINUE
ISN 340 PRINT*,'--- LAC TIMFS --

[SN 341 M=I
[SN 342 DO 2500 i-i MS
[SN 343 IF(PRT(Jl.FC.()1IGC TC ?0
[SN 344 TTTP(M)=TTTP(JJ
[SN 345 M=P+1
[SN 346 2500 CONTI NUE
[SN 347T MT=M-1
[SN 348 Wp[TE46,190)TRt(lTTP(m) 14=1,tAT)

C
C ***.************<* *

C LOOP THROUGH ISIM -EN!)
C

[SN 349 STOP
C

C
C F ND OCF TH vi r I j p P f'\
C
C



ISN I SUBRO0UTINE COflL(H-SVVLHVLVrtL)
C
C DETER.MINATION flF RESERVOITR Vq'"E
C

I SN 2 REAL HVL(20),VVL(2(')
ISN 3 1=1
ISN 4 IF (HSV.LT. HVL ( II )TH-FN
ISN 5V=.,
ISN 6 ELSE
ISN 7 3050 IF(HSV.LE.tiVL( T+l))GC TC 3061l
ISN 8 [=1+1
ISN 9 GO TO' 3050
ISN 10 3060 VL=VOL( I)+(VOL( 1+1)-VC L(I *(HSV-V U/WIVL f 1 )

ISN 11 EN~iF
ISN 12 PETURN
ISN 13 END
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I SN I SUBROUTINE COQSOI(H2,QSPL,pSD,,Sp,(2.LTri,QnOIT S I
IINFI ,TIFI NF

C

C ESTIMATION CF SPILLWAV,OhJTLET
C INFLOW DISCHARGES

ISN 2 REAL H~2)QP2),((~)Ql((~Tr?1V(.I
1 INnL

C COmpUTE SPILLWAY DISCHARGE
C

1SN 3 1=1
ISN 4 IF(H2.LTAISP!I1) THEN
ISN 5 QSPL=0.0
ISN 6 ELSE
ISN 1 3090 IF(2.LE.HSP(l+11)r3O TO 3100r
ISN 8 1=1+1
ISN 9 GO TO 3090
ISN 10 3100 QSLQPI+0r(+1QPl)*12HPl)(IP11

ISN 11 ENDIF

C COMPUTE OUTLET OISCHARCF
C

ISN 12 1=1
ISN 13 If (H2.L T.HOU( I) )THEN
ISN 14 QOUT=0.0
ISN 15 ELSE
ISN 16 3130 [F(H2.LE.H-OUfI+lflfO TC 3140
ISN 17 1=1+1
ISN 18 GO TO 3130
ISN 19 3140 QOUT=QOU ( I)+ ( Q( 1 +1 -QOUU I (H?-HruU) I /f~tWIJ( 1 1I

1 -tOUI)
ISN 20 ENDIF

c
C COMPUTE INFLOW DISCHARGE
C

ISN 21 1=1
ISN 22 IF(TSI.LT.TIF(I1)T'?
ISN 23 INF L= NF(I
ISN 24 ELSE
ISN 25 3170 1F(TSI.LE.TIH(I+))Gn TO 319o)
ISN 26 1-I+1
ISN 27 GO TO 3170
ISN 28 3180 INFL% INF 11)+ 1INF( I11)- IIF ( I )* (TSI-T IF( I I

ISN 29 ENDIF
ISN 30 PETURN
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I SN 1 SUBROUJTINE CCORVVJISFC( iDStFSI,SFC,FXPl, !PV,YI
C
C CCMPUTATICN OF SEhDIMENT rISCIALGF
C (VOLU4E BASIS) Py USING
c EINSTrIN-BROWN*S EQUATIC\
C ** * * A * * * * * ** * * * ** *

c
ISN 2 REAL K
ISN 3 FSI=u*u/tUS-l)*C*CH-*p)
ISN 4 IF(FSI.LE.0.047)TEN
ISN 5 FHI=O.0
!SN 6 ELSE IF(FSl.LE.').O%),TjEf
ISN 7 FHI=(4*FSI-O.lBS)**1.r,
ISN 8 ELSE IF(FSI.LE.2.))TIIFN
ISN 9 F H1=4 3.0*FS 1**3
ISN 10 ELSE
ISN 11 FHI=SEC*FSI**EXPO
ISN 12 ENDIF
ISN 13 QBV=FHI*K*((SP-1)*<).R*rlS**3)* r)9
!SN 14 R ETURI
ISN 15 END
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I SN 1 SUBPOHJTMrE CCY2YT(NOFl ,p2S,7%,rH",NIS, SS,'2IS,'.lcI
C

C COMPUTATJDN OF MIRMAL DEPTH
C

ISN 2 PEAL NMS
ISN 3 IF(NOFI.EQ.l)rC rfl 3571

CNEWTON-RAPHSON METHCr)
C

ISN 4 TF(NMS.EC.3.O)THFN
ISN 5 Y2S=( (QS/(CHS*BSI )**?/)S$)*t(1 .1'.)
TSN 6ELSE
ISN 7 Y2S=( 1.44*NMS*NMS*OS*OS/(W'r)*?.A'7*SS) )*i11. / .)
ISN 8 ENDIF
ISN 9 3532 lf(NMS.NF.O.O)C~iS=((R?S+ZS+v~lsV*YvS/rq2S+?*V?r*

ISN 11 FY=QS*SQPT(8?S.?*Y2S*SQPT(l+IS**?I)-CriiS*(f'3?S+,7 *\vS)
1 *Y2S)**1.5*SQPT( SS)

ISN 12 rPY=QS*SQPT((.Zs.*?)/(P2S+4>'PuC
1 1.5*CHS*SQPT?%SS*(B2SZS*vl )*2S)*(!12S4*?*7S~v2S)

ISN 13 Y2C=Y2S-FY/FPV
ISN 14 lF(A8S(Y2C-Y2S)LF.).Q)5)Gl 14' ~.
ISN 15 Y2S=V?C
ISN 16 GO TC, 3932

C
C FIXED Pfl!!JT TTEP.TION MFThiED)
c

ISN 17 3571 Y2S=0.0VII
[SN 18 3572 IF(NMS.NE.O.O)CH4 =(U32'S+Zs't2svtyS/(rP,?'v*?St

1 (1 1S **2)**.5 J** ./IN IS
ISN 2) 2=( Q 32S+*? .5 )/c tr 1c,--

1 (62 S7 S* Y2 S I**'A *S , I * ( I3
[SN 21 F (ABS (V2C-Y2 S).[E )19)C, C Tn 158)
[SN 22 Y2S=Y2C
is' M 3 GO Trl 3 572
[SN 24 358') RETURN
ISN 25 END
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ISN 1 SUBROUTINE CCQB2(H2, 72 B~2'IT, )F 1,92S. M CHS, sS,
I1 Q92,Z72M IN 9st-8mtQflI-, 6sp2,HP'

C

C CPMPUTATION OF Q B2 AND TAIL WATFP
C EFFECTS DUE TO SUB?4EPGENCI
C

ISN 2 REAL NMS
!SN 3 INTEGEP SU13M
ISN 4 IF(Z2.LE.Z2MIN)Z2=Z2'1[N
ISN 6 lF(H?-Z2.GT.%0)Gl TC 341D
ISN 7 QB2=0.O
ISN 8 GO TO 3418
ISN 9 3410 QB2=l.45*tt2*fH2-Z2)**1.5*1.15*7T*II?7-Z?) **2.5
ISN 1 C QS= 082+ QOUi2+QSP2

C
C CHECK FOP SURMERGENCr
C

!SN 11 CALL COY2YT(N0F1,R2Sp7SCHS c+jQhT
ISN 12 IF(YTHB-Z2.LE.,9.67*1H2-Z2)iG( j 04
JSN 13 Q28*12.* Y+4\7)C4-2~l6'*~
ISN 14 SUBM~l
ISN 15 GO TV 3421
ISN 16 3418 SU8JM=O
ISN 17 3420 PRE TURN
ISN 18 END
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APPENDIX C: LISTING OiF BED-I MICROCCXMFl7"R 2%,'RAI4

4,- F- R 0 G F A rT1 B F E U) I

60

9(,-

17C TI A F F C' A rTi

21':- lFTIOri BASE 1,
')DIM HYL(2 VOL'21-1 ,HEF'2- ,OCF'2' ,HCu'2> .o9Ui ' T I PF''''

NYEC : D'-' O' 'l'-%rt TT 7~:' BY''rn ~ ''> > IR'NM' _Ii -- m 7')'< P DIT
R 0 F-T2P0rT. 2- -4T7 TF. tTFffl *TTF.(

READ' 7 CHE 3 cR, R,NU111. P'-4I1. C H
REAUD B, LCTL C , HTD. HP'

2w-R E AD HIT. ZIT, * ZDM .DTP
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R 7CoFE AD NO)F
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152') o )- rC05*UMAX+ (081- I :O~O~ (73600('*TS IM-TT-DT) '(76C0*TSI M-TT)
15i30 C H2=Z2+ (OP2/ (1. 45*'2))(/
1540'
1550 Ul=WATE: VELOCITY AT THE TOP OF THE DAM
1560
1570 Ul-OE''((82+ZT*(H2 -Z2 ))*(H2-Z2)):GOTO 247C0

15j80 IF DZTI1HTD-Z2MIN THEN LZTI=HTD-Z2-M[N:GOTG 1740)

1590'
1600 L1=BREACH LENGTH A~T THE TOP OF THE DAM
161C0
1620 LI=LCOZT*1/TN()+'TN('E))-D.,T:,/SN(BB)
167C0 IF L10(- THEN L1=LiMN:OZTI=(L1-LC+DZT2/SIN(B8))/(1/TAN()+/TN(BE())
1640 IF D7Tl HTD-Z2MIN THEN DZT1=HTD-ZMIN:L=-:Z2IN(BB*(LC+ZT1*(1TN(AA)

1650)
166C0 L2-=BREACH LENGTH AT THE DOWNSTR:EAM FACE
1670)
168:) L2=(HTD-HE4-DZTl) /SIN(E'E)
1690,

1,710) LOOP TO COMPUTE H2 -BEGINNING

1771)

1740: H2T=H'2
1750
1760
1770 LOOP TO COMFUTE 071 -BEGINNING
1780 ***********************
1790
180c: DZ=D1:Z2=HTD-DZT1-DZ:IF '2 =Z2MIN THEN Z2=Z2MlN:GOTO 2C'7'

1810
182C:) COMPUTE 082 AND CHECM FOP SUBMERGENCE
187-0
1840) GOSUE' 429C)
18B50

187C0 DETERMINATION OF DZI

190

1920: COMPUTE SEDIMENT DISCHARGE (VOLUME BASIS)
1970'
194C:' U=Ul:GOSU' 4771-
19c150: F211=FSI:IF Z2_=Z2MIN THEN OE'V1.(-:DZ1=0:GOTO i93Cj

1961:) OE'Y1=ODV

1 q8,' IF D071 1' THEN DT=OT'1:'):GOTCO 1970'
I9 F~ ADS(DZI-DZ) C.O'5 THEN 180-)''

COMPUJTATION OF H-
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2040
00COMPUJTE VOLUME STORED BlY THE RESERVOIR~

20C60
207C) IF ABS(H1-H2) .01) THEN HSY=H1-21 ELSE HSV=H2
20,90) GOSUE 44(.0,: VOL2=VL
-2(9C)1

210 COMPUTE SPILLWAYOUTLET &INFLOW DISCHARGES
211(.-
2~120 TSI=TT+DT:GOSUB 45V:b:OSF-OSFL:OOU~-OOUT* INF>INFL
-_17()1
214C0 COMPUTE 082 AND CHECF FOR TAILWATER EFFECTS

2 160 GOSUB 4890
2170 H2-C=H1+DT*.5* (INFI+INF2-OTTI-OSF2--00U-0-E12)*(HSV-Hl)/ (VOL2-VOLI)
2 180: IF A~tS(H2-C-H2) .01-:1-5 THEN H2=H2C:GOTO 20:70:
2 190 IF ABS(H2-H2T) :.01 THEN 1740:

2210
2221:) LOOFP TO COMPUTE H2 -END

2261:1 DETERMINATION OF 0Z2

2280
.. 9() IF SUBM~ll THEN U2=(-):GOTO 2: 70:
2C0 E2S=B2:CHS=CH:NMIS=(C1:SS=(HTD-HB) "(LE-LT-LC)

---IC ZS=ZT1*DZTI 'DZT2:050El2

- 7)COMFUTE Y2 AND U2 ALONG THE DOWSTREAM FACE OF THE DAM1
240:

260: U2OE)B2/((B-ZS*Y2)*Y2)
270; U=U2

29C:) COMPUTE SEDIMENT DISCHARGE (VOLUME BAS1S)
24001:
2 41:-) GOSUEI 477)
24 2:) FSI2=FSI:IF Z2=Z2MIN THEN 22)1Ol2)~D2l)GT 470:
24:):)- OGl2=OQV:Z>O8Y2-7)DT/'(L2*(I-F')
244))
2450: PR:INT RESULTS
246C:)

17- itTT4DT
24):) OTT2=05F2-00QU2+052
249:) TT H =T T /:A6:() 0
25:): FH2='H2-HBl) ' (HIT-HEB)
251C) FZ2=(2-HB)/(ZlT-H8)
2=2)) BPFHT=HTD-=2
25:1:) ElT=E2+2*ZT*9RHT
254: LPFINT UFSING ##.# TTH;:L-F'RNT USING ######.# "',OEl2:RH2;F-:2;ElRHT;El2:

B2T

C5



2560C ********************
257) DETERMINATION OF LATERAL SLOPE
258C:)
2590
2 600 C IF 082/0CMAX:=. 005 THEN 274C0
26 10 At-=TN (I/ ZT)
26 20 AF-A-5/57. 29578
267C) IF AP C THEN 2740)

2650) H4=LSS2*(HlT-H2)*TAN(4F)/(H2-Z2+(HlT-H2)*(1-'zTT4Nl(AF-)))
266:) Al=.5*(LS I*(HTD-Z2)-LSS2*(HiT-Z2)):A2=.5*LSS2*H4:'4- *LSS2*(HT-:'-A
267:) A4=.5,*LSS7*(HlT-H2-H4)

2690) NORM=FG*COS(AFP)-FH*SIN(AFP):IF NORM =C) THEN NOF:M=(0-
2700(- LHS=FG*5SIN (AF)+FH*COS (AP) .RHS=NORM*AN(FHI/'7. 9578) +LH* HTD-2r5 /SN (AP
2710) IF LHS :zRHS THEN 2620.
272:) ZT=1/TAN(AF,)
277.0 LFRINT "ZT NEW=";ZT
2-740- IF J*DT6?TT THEN 1470
275C:) HYD(J+1)=QTT1±(J*DFEB-TT+DT)*(OTT2--QTT1'.DT
2760 NEXT J
277)
2780
279C0 LOOF TO COMPUTE HYD(J) -END
280C '

282:) LFI TNT - LFR I NT
28):) LFRINT 'HYDROGR4RPH AT THE DAM SITE"
284: LFRINT "T CHI OTT [M-,./cJI T CHI OTT [M-./SI T [H] OTT [M7SI T CHI

OTT C M-.'S I"
2850- L F, TN T
286:) FOR J--l TO NT+T
287:) THYO(J)=(J-T)*DT,17:6):))
268):) LPRTNT USING "#####.## ":THYD(J):HYD).J);
2890) NEY'TL

290

2950
296C)
2970- PFINT HEADINGS
2980
299: LFRI NT: LPRI NT: LPR INT
70):)) LF'RINT FLOOD ROUTING": LFRINT

I)LFRINT " OT E M/ A~T STATION ~':LRN

7()40 INITIAL CONDITIONS
7050: ********************
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3 0 6 4o _ "
3070 HYDROGRAPH IN SECTION 1
308 0"

3(])Q90 NR=INT(TSIM/DTR)
I 3:10:) = 2

311) FOR N=I TO NP
3.12) 1=1-i

313) IF I*DTE-N*36:-)*DTR 001 THEN 715(-
3140 I=I+I:GOTO -1--

315 OIN(N)=HYD(I)+(HYD(I+I)-HYD(1))*(N*-6rE*DTR-(pI-I)*DT /DTE
7160 NEXT N

:18)0 DEFINITION OF THE SECTIONJS TO bE FRIPJTLED
3190
20() M=I:FOR J=l TO NS

I2 1C) IF F RT (J )= O THEN 323 
°
)

7_2C() FRST(M)=F'RT(J):M=M+I
-27C) NEXT J
324C LFR I NT
_250 MT=M-1

326C FOR M=l TO MT

-2) LFRINT USING" ## ";FRST(M);
.'28C) NEXT M

729C) LPRINT
77C)0 "

INITIAL DISCHARGE AT EVERY SECTION (BY LINEAR INTERFOLATION)

7_771 FOR J=1 TO NS:OTT(J,2)=OTTLS+(HYD)I)-OITLS)*(NS-J)/(NS-1)

774C OTT (J+1 , 2) =QTTLS+ (HYD (1) -OTTLS) * (NS-J-1 / (NS-I)
3350 OMAXM(J)=.0 I: NEXT J

778CI "LOOP THROUGH TSIM -BEGINNING

341C) ALFHAI=:INEMATIC WAVE APPROXIMATION COEFFICIENT AT
742C SECTIONS (J.N) AND (J,N+I

347) ALFHA2= INEMATIC WAVE APPROXIMATION COEFFICIENT AT
-44" SECTION (J+I,N)

BETHA =i INEMATIC WAVE AFROXIMATION EXPONENT

346: CA =FLOOD WAVE CELERITY AT SECTION (J.N)
347C) CP =FLOOD WAVE CELERITY AT SECTION J,N+l)
748) CC =FLOOD WAVE CELERITY AT SECTION (J+I,N)

75 Q*)
.5(0 FOR N=1 TO NR
751) OTT(1,:)=QIN(N)
7520

754C) LOOP ALONG CHANNEL -BEGINNING
356"*************************** * ****** ******* *

756')

:570 FOR J=l TO NS-I
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3580 IF NMV(3)=CC THEN ALA=H()SR(VJ)AF'A=H(+)SR(VJ1)B
TH.=1 .5: GOTO 3 600
3590C ALA=QTS()/M()AFH-=SR(V31)NVJ1:(TA'
73600 CA=ECETHA*ALF'HAI1<(1/BETHA)*OQTT(3,2)/BV(J))((BETH-1)/EETHA)
3610: CB=BETHA*ALFHA (1/EETHA)*(QTT(J ,.) /BV(3 ))' ((BETHA-1)/BETHA)
3_620( CC=BETH*LH-(/BETH)*OTT(J+1.,2/BV(J+j,) ((ETH-)/BETHA)
-36 -I 1C

360 COMPUTE FLOOD WAVE CELERITY AND UNIT WIDTH DISCHARGE

366CC C=(CA+CB+CC) /'
7,67C0
3680

3 690 COMPUTE FARAMETERS FOR MUSK .INGUM METHOD

7.710( IF C=O THEN OTT(J+l,.7)=OTT(J+1,2):GOTD 385C0
7720 KI1=(DIST(3+l)-DIST(J))/C
777C X=.5*(1-2'*QM/((SV(3)+SV3J+1))*C*(DIST(+1)-IST(3))))
7740 IF X-:,:)' THEN X=0C1

7760: COMPUTE COEFFICIENTS
7770
-.78oC C4=360C*DTR/PK1+2_*(1-X)

779CC C13'6:C:C)*DTR/kl+2-'*X)/C4
3800 C--= (36CC*DTR/I:*l-2 1 *X) /C4
78 1 (C C-= (21 *(I- X) -6CCC *DTR / .1wIC4
38.20 OTT 341 ,3) =Cl*QTT (.2-) +C2*OTT (J,.)+C7*OTT (3+1 2
7e83CC- IF OMAYM(J+1:OQTT3J+I. THEN OMAXr1(J+1)=QTT(3+:J-)
'840 IF OTT (J+1, CC)'J- THEN LPRINT "J=. ::LRINT "DIST () 'DIST (J LF'RlrT "07 ;J
-1,73)=";OTT (J+1.37):LPRINT "MODIDY DXMIN AND/OR: DTR':STOP,
7850C NEXT 3
3 860
3870 ********************

38()C LOOP ALONG CHANNEL -END
389CC

3.91(C CTF,,V=MEAN WAV/E CELERITY
'_92C TTRAV=ACCUMULATED TIME OF TRAVEL OF THE WAVE
319 7C
794CC TR=N*DTR
7950C M=l
7960 FOR 3=1 TO NS
3970 IF F'RT(J)=C) THEN -3990'
.980 OTTPT(M)=QTT(J.3):M=M+1

399C NEXT J
4000CC LPRINT USING T#.# ;
4CCIC:C) FOR M~l TO MT:lF'RNT USING "######.# ".OTTF'T(M); :NEXT tl:LF'F.INT
4020C FOR 3-1 TO NS:QTT(3,1)O[TT(J,2(:QTT(3J,OTT(3.3):NEX(T 3
407.0C NEXT N
404C) TTTR (1) =0
4CCS5CC FOR' 3=l TO NS-1
4CC6CC) CTRAV=BETH4*(SORT(SV/3))/NMV'3)) (1'8ETHA)*(.5*MXM(3)'V(3)) ((BETHA-1 L-
ETHA)
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4070 TTRAV(J+I)=(DIST(J+I)-DIST(J) Y/CTRAV

43)Bl) TTTR(JI)=Q':NEXT J

40)9') FOR J=l TO NS-I
410(:, FOR I=l TO J:TTTR(J+1) TTTR(*-JI)+TTRAV(I+1):NEXT I:NEXT J
411:) LPRINT " -LAG TIMES

412) M=l

412C FOR J=l TO NS

414:) IF F'RTCJ)=0' THEN 4160

415:) TTTP(M'=TTTR(3):M=M+1
416:) NEXT J
4170 LFRINT USING ###.## ';TR;

418 FOR M=l TO MT:LPRINT USING ######,# ';TTTF'(M)::NEXT M:zLPRINT

419C0
4200(
4210C) LOOP THROUGH TSIM -END

422)

4230

4240) STOF
4250
4260

4270
428' E ND O F T H E I A I N' F 0 F'P A M

429)
430 ************************************************************ *******

4710

4720 END
437()

4350 -

4:6( S U b R 0 0 T I N E C
4:70
47.0

4790

4410 DETERMINATION OF RESERVOIR VOLUME

442C,
4470)
4440, 1=1
4450 IF HSV HLf I) THEN ''L='-: GOTO 4481

446C) IF HS HkVL(I1) THEN I=I1:0TO 44 1Cl
447r Vt =VOL '1' 4 e'V'fL I I -VO'L ' * (HO",-HiL F I, ,L ,'I t -HYL "1!;

4480 RETURN
440

45f)('
4511C DETEPMINATION OF SF ILLWAV.OUTLET

457C) AND INFLOW DISCHAFGES

454C)

4550 COMFUTE SFILLWA,' EISCHRGE

456C)
457() I=1

458(" IF H? HOF(I) THEN OISFL=O:GOTO 464<.
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459C: IF H2:HSF(I4-1) THEN lI1+!:GOTO 459C)
460C) QSFL=(SP (1) OSF I+ 1I) -OSF' (I)) * (H2-HSF (1) (HSF I 11 -HSF (I)
461:C)'
462C:) COMPUTE OUFLET DISCHARGE
4 6:0 C
4640 1=1
4650 IF HZ. HOU(I) -HEN OOUT=(':GOTO 4110
466C) IF H2.HOU(I+l) THEN I 1+1:GOTO 4&,-('
4670) QOUT=OOU (I) + (OU ( + 1) -CDLII)) *(H2-HOU KI / IOU I + ) -HO (I))
4680
469C0 COMPUTE INFLOW DISCHARGjE
4700C
4710C 1=1
4720 IF TSI'TIF(I) THEN INFLINFml:GOTD 47 0_

47:0) IF TSI TIF(I+1) THEN 1=1-'1:GOTO 4177C0

474:) I NFL I NF (I) + INF (I+1) -I NE(I)) * (T I --lIF (I)) 'T IF 'I+ 1)- I F (I
4750) RETURN
476C0
4770f ***************** **
4-/B80 COMPUTATTON OF SEDIMENT DISCHARGE
4790 '(VOLUME BAS15) BY USING
4800),- EINSTEIN-BROWN'S EOIJ4TION
481:0 *******************
4820)
487.0 FSI=U 2/(SR,-l)*CH 2-*DS):IF FSI =.(-47 THEN FHI=r')':GOTO 486C)

484:) IF FSI =.0.562 THEN FH>=(4*FSI-. 188) 1.5:GOTO 486:,
48SC: IF FSI -21 THEN FH1=4C'*FS1 ELSE FHI=SEC*FSI EXFO
486:) OBY=FH I*I (SR- I) *9?.3*DS 7) .5
4870) RE T U;N

49::C COMPUTATION OF J82 AND TAILWATER
4Q1CEFFECTS DUE TO SUBMERGENCE

4q4': IF 22 =Z2MIN THEN 72>Z2MIN
4 qIf:( I P H_'-7 Z 0 THE N QB 2(-, FO) 0 5C07f)
4Q6('08214*2H- 1.5+1.15*ZT*(H2-2) 2.5
4-,7:'
498:- CHECf FOR SUBMERGENCE

<,Cl,' 9B = P '(1) '1) 'SZ INSN'' : 5SE_=Y (I) OS=r)B7+0OO'+GcF2: CHSrCHY MSNM

1)
<I GOSIJB - X'Y2

2:IF Y'T+HB- Z'_ .6-* H2- 2) THEN 092 -OG2* 1-2>* (YT+HB-Z2) 7:-2)-67' 7:Ll
Bm~l : G07t5:40

5(-4, RETURN

7<C, 'OfMFIJUTAT I ON FY-, YT

5(9 ****t**t*********~****t**CIO



10) I F N-P 1 1 THEN 57.

I5I1K NEWTON-R4FHSON ME THOD

5i1':' IF NMSE=K, THEN Y2S=((QS/)CH*'2S)) 2/SS) (l'7) ELSE Y2S(1 .44*NMS 2*QS2 F
S 2!.67*SS)) (1/.)
514C) IF NMS K~ THEN CH:=fS+S*y'2S*Y2S;8(2S+'*Y2S*1I+ZS 2) .5))i:'L'M
515:' FYsQS* :82S+-2*Y2S* (1+ZS : .5 .t,-CHS* (EP2S+7S*Y-S *Y-S) 1.S93 .S
516C: FF-Y=QS*(142S 2) .!5r(bCS+2*j+ZF 2) .5,*y2S) .5-I.Y*rHs*(SS*(B2s+zF*y2s)*N,2s)
.(2s+2*zS*Y2S)*ss .5

5 -) 2C:: : y~- FY, P F Y
5 , IF AE-(SY:C:-YLS .U THEN vC'S=Y2C: GnT0 514C)

5 19,: GOTO 52:7:-

521(- FIXED POINT ITERATION M1ETHOD
522CK
52:.:- y2s . (-J:)'
524C; IF NMS C.) THEN CNS B(2S+ZS*2S)*Y2S/2S+2'2S*+Z2Y.5)1/L /NMS
5L1- Y=E(OS 2*(P.25+L*Y2S*(I+ZS 2) .5,)/(:HS 2*(B2q+ZS*Y2S) -*SS)) (/
526C, IF ABS(Y2C-lv2S) .*.(-5 THEN NY2S='Y2C:GDTO 524:)
527:, RETURN
5 29 (:)
5:7:'

5:)DATA45 ': 2. t . 20,* 1 E-6 , 4':'4
55'DATA 5i7. 4. 29K-. C. I C. C. 1625. 19 cI 5Z72

1-18( DATA 1

54 20 DATA~ 4 7 C r C. 724:. 2
54:':1 DATA 44CCfl 0, C '. iK':l 145e,
,44C) DATA 4 C:'. , ''H

7  148e(:7 4
545f: DATA I CI2 C C. f:' I'* C).4 C). C)

5 4 DA4TA 52':' 042, 7.2E-4 76767, 6
547,. DATA C::' C). CI CH4C 7.6E-4, 52457,
548(: DATA :9K'K-,,i C. K'. C) C). 0-7 C HC 14, 6259C'. 8
54QiK DOT4 1 :K .'), i* Y' C) )C'14, 71761, C

(5:'' DATA 28.: )H1 75945, iK
ssi':'4 Q.T 14K. K H. 14, 9C)749, K

!5 ,-) D4'! I A :: Cl ) HH ''14, q7 8 2 7. K
55 .t- DATA 1C).: H75 C)H14, 1(,)729e. 17
55 4:- DATA 9999 CI K'. C).C.

DATA C)92i.2E
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5580 DATA 1546.86, 11.01E6
559o DATA 1560.58, 38.3E6
5600 DATA 1569.72. 61.68E6
561C: DATA 1577.74, 88.11E6
5620 DATA 1584.96, 123. SE6
563:C DATA 1591.06. 160.80E6
564C) DATA 1598.68, 202.65E6
5650 DATA 1606.30, 251. lIE6
5660 DATA 1622.76, 783.27E6
5670 DATA 9999, 0
5680 DATA 1616.96, 0
5690 DATA 1618.71. 991.2
5700 DATA 1621.54, 5)97.60
5710 DATA 1625. 19. 5097.60
5720 DATA 9999, 0
5730 DATA 1566.45. 0
5740) DATA 1569.72, 566.40
5750 DATA 1579.52. 718.11
5760 DATA 1601.29, 849.60
577C) DATA 1620.88, 960.86
5780 DATA 1622.76, 960.86
5790 DATA 9999, 0
580: DATA 0, 28.32
5e81 DATA 1800 84.96
58-C DATA :60),, 158.59
58:': DATA 7200, 212.40
5840 DATA 10800, 192.58
585C) DATA 14400, 30.27
5860 DATA 21600, 67.97
5870 DATA 28800, 42. 48
5880 DATA .6000 28.32
5890 DATA 99000, 28. 32
590C DATA 9999,0
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APPENDIX D: NOTATION

A Wetted cross section of flood channel

Ab Wetted cross section of dam breach

A Surface water area within reservoir
S

A ) Partial area of sliding wedge

b Bottom width of the breach

B Top width of the breach

BD Top width of the dam

c Wave celerity

C Cohesion

Ch Chezy's coefficient of friction

C. Muskingum-Cunge coefficients (i = 1, 5)
i

C Broad-crested weir discharge coefficients (i = 1, 2)

CI Integration constant
+

C Wave characteristics

d Depth of the breach

D Representative size of sediment particles5

D50 Median size of sediment particles

ei Erodibility index

F Breach Froude number

FH Seepage force

g Acceleration due to gravity

G Weight of sliding wedge

h Hydraulic head

H Reservoir water level

H Initial reservoir water level
0
i Imaginary number

I Inflow into a channel segment

I Inflow dischargeo

+

J Riemann's quasi-invariants

K Muskingum parameter

K Erosion proportionality constantc

KE Einstein-Brown formula constant

k Length of breach in the flow direction

DI



Z Minimum breach horizontal lengths

m Number of nodes of each finite element

M Mass of eroded material

n Manning's coefficient of friction

Ni  Shape function (i = 1, 2, 3, 4)

0 Outflow from a channel segment

p Soil porosity

q Unit width discharge

q bw Bed-load discharge in weight per unit width

q Lateral inflow

Q Total outflow discharge

Qb Breach outflow discharge

Qo Crest overtopping discharge

Qp Peak outflow discharge

Qs Sediment discharge

Qsp Outflow discharge from spillway qd powerhouse outlet

Rh Hydraulic radius

s Side slope (1V:sH)

S Reach sto'!ge

Sf Energy gradient

SF  Breach shape factor

S Slope of the channel0

t Time

td Dam failure duration time

T Top width of flood channel

u Water velocity

V Reservoir water storage capacity

V Water volume stored in reservoir

x Distance

x Horizontal projection of the sliding wedge
p

y Water depth in flood channel

Yc Critical depth

YO Depth of tailwater section

Z Breach bottom elevation

Z Initial dam height0

U Weighting factor in Muskingum method
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I Coefficient of discharge formula

O2 Coefficient of erosion rate formula

6 Exponent of discharge formula

a2 Exponent of erosion rate formula

y Specific weight of water

Y Specific weight of soil

Y1  Specific weight of saturated soil

Y2 Specific weight of submerged soil

At Time step

Ax Length of channel segment

AZ Depth o' scour

Angle between shearing plane and horizontal

e Angle between breach sides and vertical

v Kinematic viscosity of water

T Shear stress

Angle of repose of the soil

D Sediment transport rate function

X(e ) Unknown variable within a finite element

Xi Unknown variable at nodal point

Y Inverse of Shields dimensionless shear stress
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